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PREFACE. 



In offering this little Work to the public^ it will 
be proper to commence by stating its object and 
extent. 

Its object is to explain clearly^ accurately^ and 
in small compass^ the fundamental principles of 
those parts of Natural Philosophy of which it 
treats. My own experience in tuition has con- 
vinced me of the desirableness of such a book^ 
and has, perhaps^ also qualified me, in some 
measure, for the task I have undertaken, of sup^ 
plying what appeared to me to be a need. 

It is divided into five sections, corresponding 
with those five branches of Natural Philosophy, 
to the study of which it is designed to be an 
Introduction. 

The first two sections are devoted to Mechanics, 
divided into Statics and Dynamics. In Statics 
I have commenced by proving the great principle 
of Equilibrium, known under the name of the 
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Parallelogram of Forces; have applied it to 
showing how to find the conditions of equili- 
brium on the principal mechanical powers ; and 
have explained the meaning aud properties of 
the Centre of Gravity. In Dynamics^ I have 
endeavoured to place in a clear light the Laws of 
Motion^ and their consequences^ particularly as 
instanced in the Fall of bodies; and in this 
subject have thought it desirable to illustrate the 
principles by a few examples^ which are not more 
in number than is sufficient for that purpose. 
The third section is on Hydrostatics and Hydro- 
dynamics; its object is to show the principal 
points in which the equilibrium and motion of 
fluid bodies differ from those of solid bodies; 
while the fourth section^ on Pneumatics^ explains 
the peculiar properties (tf such fluids as are 
elastic^ describing also some ordinary instruments^ 
the action of which depends upon the pressure of 
the atmosphere. Lastly^ in the fifth section^ on 
Optics^ I have explained how the image of an 
object is formed, either by the eye itself^ which 
acts precisely as an optical instrument does^ or 
by a lens or mirror^ to be afterwards viewed by 
the eye, giving the laws of reflexion and refrac- 
tion, and taking occasion to describe the principle 
of the microscope and the telescope. 
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I have given demonstrations of aU the prin- 
ciples laid down^ so far as perfectly satisfactory 
ones are known; but have not employed any 
mathematical reasoning out of the reach of any 
one who has read the early books of Euclid and 
ordinary elementary algebra. 



Greenwich, 

October 1863. 



W. T. L. 
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NATURAL PHILOSOPHY. 



Section I. 

MECHANICS.— STATICS, 

1. Mechanics is the science wbieh investigates and 
measures the effects of Force. Whatever produces or 
tends to produce motion in a body is called a Force. If 
motion actually is produced, the investigation is called 
Dynamics ; if one force is so counteracted by another 
force that no motion ensues, it takes the name of 
Statics. Dynamics therefore may be said to include 
Statics ; but as the investigation of balanced forces 
is much simpler than that of those which produce 
motion, it is usual to treat of Statics separately, and 
before Dynamics. 

2. We must premise that, in the measurement of 
forces, the intensity of a force is represented by a 
straight line, while the direction of the same line 

B 
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indicates the direction in which the force acts. Thus 
if AB represent a force acting on B, the length of the 
line AB will measure the in- . , , ., 

A | ■ -lis 

tensity of the force ; if it he 

a pulling force acting from B towards A, it is caUed 
the force BA ; if a pushing force acting from A to- 
wards B, it is called the force AB ; the order of the 
letters serving to show the direction of the force. A 
pulling force takes the name of a tension ; a pushing 
force that of a thrust. 

3. It is necessary to enunciate at once what is 
called the principle of the transmission of force ; which 
is, that a force may he conceived to act anywhere in 
its line of action without altering the effect. "Whether 
the force AB acting upon the point B is placed at A 
or B, or anywhere hetween, will obviously make no 
difference, so long as its intensity and direction re- 
main the same. 

4. The simplest case of balanced forces is when 
two forces of equal magnitude act upon the same 
point in precisely opposite directions. This requires 
no explanation. But if three or more forces act upon 
a point, we must show what are the conditions of 
equilibrium. Two forces can only balance each other 
if they are equal and opposite. But there are va- 
rious positions in which three or more forces may ba- 
lance each other, according to their respective inten- 
sities. Equilibrium between three forces will clearly 
take place if the resultant, as it is called, or joint 
effect of two of the three forces is equal in intensity, 
and acts in the opposite direction^ to the third force. 



PARALLELOGRAM OF FORCES. 3 

It is necessary therefore to know how to find the re- 
sultant of two forces acting npon a point, which is 
thus accomplished. Let AB, AC represent two forces 
acting upon the point A. Complete the paraUelo- 
E • 




gram ABCD, and draw its diagonal AD. AD will 
represent both in magnitude and direction the re- 
sultant or joint effect of AB and AC, so that if DA 
be produced tiU AE=AD, the forces represented by 
the three straight lines AB, AC, AE, acting upon the 
point A, will keep each other in a state of equili- 
brium. This proposition is known as the Parallelo- 
gram of Forces. Yarious proofs of it have been 
given; but one only, that of Duchayla, is adapted 
to an elementary treatise like the present. It is as 
foUows. 

6. The two parts of the proposition, that which 
concerns the direction and that which concerns the 
magnittide of the resultant, are in this proof treated 
separately. First then we will demonstrate that if 
AB, AC represent in direction and in magnitude two 
forces acting upon the point A, their resultant or 
joint effect will act in the direction AD, which is the 
diagonal of the parallelogram ABCD described upon 
AB and AC. 

6. If the two forces are equal to each other, there 

b2 
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will be no reason why their resnltant should indine 
more towards the direction of one than that of the 
other; its direction will therefore bisect the angle 
made by the directions of the two components ; and as 
the diagonal of a parallelogram ^ 
whose sides are equal bisects 
the angle made by the sides^ 
that direction evidently coin- 
cides with that of the diagonal 
of the parallelogram whose 
sides represent the forces. The proposition is there- 
fore true when the two forces are equal To extend 
it to the case of unequal forces, we begin by showing 
that if it be assumed to be true for two unequal forces, 
such as P and Q, and also for two others, P and E, it 
will also hold true for P and a force Q+K equal to 
the sum of the two others. Let AB, AC represent 
the two forces P 
and Q, acting 
upon A; complete 
the parallelogram 
ABCD, and by the 
assumption (made 
provisionally), AD, its diagonal, will represent the 
direction of the resultant of P and Q. By the prin- 
ciple of the transmission of force, a force may be 
supposed to act anywhere in its line of direction ; we 
may therefore suppose the resultant of P and Q, which 
acts in the direction AD, to act at the point D ; and 
since the resultant of two forces is in aU. respects 
equivalent to its components, we may suppose P and 
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Q themselyes to act at D, P parallel to AB its own 
directioiiy and Q parallel to AG ; or, using once more 
the principle of the transmission of force, P may be 
supposed to act at G in the direction CD. Now 
let AB and GE represent in direction and magnitude 
two other forces P and E acting upon A ; E may be 
supposed to act at G, and it has just been shown that 
P may be also supposed to act there in the direction 
GD ; by the assumption, therefore, the resultant of 
P and E will be represented in direction by GF, the 
diagonal of the parallelogram GEDF; hence, reasoning 
as before, the resultant of P and E may be supposed 
to act at F, or P and E themselves may be supposed 
to act at that point parallel to their original direc- 
tions. The force Q, also, which we have supposed to 
act at D in the direction DF, parallel to AG, may 
be supposed to act at F in the same direction. Forces 
therefore represented by P and Q+E acting at A, 
may be supposed to act at F, or F is a point in tiie 
line of action of the resultant of P and Q+E ; AF is 
therefore the direction of that resultant. If, then, 
the proposition is true for P and Q, and also for P 
and E, it is true for P and Q+E. But it is true for 
P and P (two equal forces), and also for P and P ; 
therefore it is true for P and P+P or 2P ; therefore 
for P and P+2P or 3P; therefore for P and wP, 
where m is any whole number. And in like manner 
it may be shown to be true for mP and nP, where m 
and n are any two whole numbers. Lest there should 
be any doubt whether it is true when the ratio of the 
two forces cannot be thus represented by two whole 
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numbers, we will show that the contrary suppositioil 
involves an absurdity. Let AB, AC represent two 
such forces (incommen- 
surable as they are 
called) ; complete the 
parallelogram A B C D, 
and if AD, its diagonal, 
is not the direction of the 
resultant, let AE be that 
direction. Let AC be divided into a number of equal 
parts, each part less than ED, and set off distances of 
the same length along CD, beginning at C ; one of the 
divisions must fall between E and D ; let it fall at F, 
and complete the parallelogram AGFC. Then AF, the 
diagonal of that parallelogram, will be the direction of 
the resultant of the forces AG, AC, which are com- 
mensurable. But AF makes a larger angle with AC 
than AE does ; that is, the resultant of AG and AC 
lies further from AC than the resultant of AB and AC, 
although AG is less than AB ; which is absurd. AE 
therefore is not the direction of the resultant of AB 
and AC ; and it would be equally easy to show that 
no line except AD is that direction. 

7. We will now come to the other part of the pro- 
position, and proceed to show that if AB, AC repre- 
sent in direction and in magnitude two forces acting 
upon the point A, their resultant or joint effect will 
be represented in magnitude, as weU as in direction, 
by AD, the diagonal of the parallelogram ABCD de- 
scribed upon AB and AC. 

8. Produce DA to D', making AD' equal to the re- 
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sultant of AB and AC in magnitude ; complete the 
parallelogram ABC'D' and join AC Then, since AD' 
is equal to the resultant of 
AB, AC, and drawn in the 
direction opposite to that 
of their resultant, the three 
forces AB, AC, AD' will 
balance one another, and 
consequently any one of 
them is in the direction of 
the resultant of the other 
two; therefore AC is in 
the direction of the resultant of AB and AD', and AC 
being also in that direction (being the diagonal of the 
parallelogram formed upon AB, AD'), AC, AC are in 
the same straight line. Hence ADBC is a parallelo- 
gram; therefore AD=BC'; but BC=AD'; therefore 
AD=AD'. Since, then, AD' was made by the con- 
struction equal in magnitude to the resultant of AB 
and AC, it follows that AD is also equal to that re- 
sultant in magnitude ; as was to be proved. 

9. We have thought it necessary to demonstrate 
this important proposition, because it is the founda- 
tion of the whole theory of statics. We will repeat, 
for the sake of clearness, the enunciation given in § 4. 
If two straight lines meeting in a point represent in 
direction and magnitude two forces acting upon that 
point, and a third straight line equal to the diagonal 
of the parallelogram formed upon the preceding t^ 
and drawn by producing that diagonal backwards, 
represent a third force acting upon the same point. 
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the three forces will keep each other in eqnilibriiiiir* 
This may be easily placed in another form of great 
convenience, in which it is known as the Triangle of 
Forces. Since AB, AC, and DA represent in diiee* 
tion and magnitude three 
forces which keep each 
other at rest, and 'AG= 
BD, the three forces are 
represented by the three 
sides of a triangle ABD, taken in the order of the 
figure AB, BD^ DA. And since two triangles, all 
whose sides are respectively parallel eaeh to each, 
are equiangular, and therefore (Euc. vi. 4) have their 
sides about the equal angles proportionals, it follows 
that if three forces, acting in the same plane, be in 
equilibrium upon a particle, and if in that plane we 
draw any three straight lines parallel to the direc- 
tions of the forces, then the three sides of the triangle 
so formed, taken in order, will be in the same pro- 
portion as the forces. 

10. As we may substitute for two forces tbeir re- 
sultant, so may we substitute fur any force considered 
as a resultant two other forces which may be oon-> 
sidored as its components. And it results from the 
foregoing that for any force there may be sabstitnted 
as equivalent any two 
others, lines representing 
which others can be 
formed into a triangle 
with a line representing 
it ; the two acting in the direction of tiie othor ddea 
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of that triangle, but taken in the reverse order to 
that of the original force. For AD in the figure may 
he substituted AB and AG, which produce precisely 
the same effect ; but AC is equal and parallel to BD ; 
therefore for AD may be substituted as equLyalent 
AB and BD, which form a triangle with it. This is 
called resolving the force AD into the directions AB;, 
BD, 

11. The plan of this short treatise only admits of 
our treating of the simplest cases of balanced forces ; 
and we will now show what are the conditions of 
equilibrium when three forces do not act immediately 
upon a point, but two of them acting at the ends of a 
rigid rod, it is desired to know where the third must 
be placed in order that no motion may ensue. To 
simplify the problem, we shall suppose all three to 
act in parallel directions, two in the opposite direc- 
tion to the third, which must, of course, in respect to 
magnitude, be equal to the sum of the oth^ two. 
AP, BQ, CR then will 
represent the forces, 
AB the rigid rod, and 
C the point in it at 
which the force OR, 
equal to the sum of 
AP and BQ, must act 
in order to keep them 
in equilibrium. At A 

and B suppose two ^' /q 

equal forces to act in the contrary directions CA, CB^ 
which of course will not affect the equilibrium. The 
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resultant of BQ and that force will act in a direction, 
such as that represented by 0£ ; and the resultant of 
AP with the equal force in such a direction as OA ; 
both therefore may be supposed to act at the point O^ 
where those two directions intersect. The two equal 
forces neutralizing each other, a resultant remains 
equal to the sum of AP and £Q, or to CE, acting in. 
the direction OC parallel to the three original forces. 
The point therefore lies in the line CE. Now let 
P, Q, and 8 denote tbe forces AP, £Q, and the two 
equal forces which were applied in opposite directions 
at A and B. Then the three sides of the triangle 
AOC, taken in order OC, CA, and AO, are respectively 
in the directions of the forces P, S, and a direction 
opposite to their resultant, or the same as that of a 
force that would balance them ; it foUows from the 
triangle of forces that P : S : : OC : CA. In like 
manner, by considering the triangle BOC, we obtain 
Q : S : : OC : CB. From these two proportions it is 
easy to deduce P : Q : : CB : CA, or P x CA=Q x CB. 
12. If DE be drawn perpendicular to AP or BQ, 
the triangles ADC, BEC will be similar, and conse- 
quently AC : CD :: BC : CE ; sothatPxCD=QxCE. 
We conclude therefore (and in this form the propo- 
sition may be generalized, being applicable what-^ 
ever be the directions of the forces) if a force acting 
upon a rigid rod keep two other forces so acting 
in equilibrium, its point of application must be 
such that the product of either force, multiplied by 
the perpendicular drawn from that point upon its 
direction^ will be equal to each other. 
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13. The point of application of the third force is 
called the fulcrum, and the above proposition is usually 
expressed by saying that the moments of the other 
two forces about the fulcrum are equal to each other ; 
the moment of a force with respect to a point being 
defined to be the product of that force into the per- 
pendicular distance from the fulcrum to the line of 
direction of that force. 

14. Here we have the principle of the Lever, which 
is of so great practical importance as a mechanical 
power. The weight of a body is the force by which 
it tends (t. e, the sum of the tendencies of all the 
particles of which it is composed) towards the centre 
of the earth; or in the direction which we call 
downwards, while the opposite direction from the 
earth's centre takes the name of upwards. If, then, 
two weights be suspended at the ends of a rod, 
one point of which is kept at rest as a fulcrum by a 
support capable of exerting a force sufficient to sus- 
tain the sum of the two weights, the principle just 
enunciated is plainly applicable, and the fulcrum 
must be so situated that the products of its distance 
from the point of suspension of either weight, multi- 
plied by the numerical measure of that weight, shall be 
equal to each other ; these products being the moments 
of the weights about the fulcrum. This may be further 
extended; and if several weights be suspended at 
various distances on each side of the fulcrum, the 
sum of the moments of the weights on one side will 
be, if equilibrium is maintained, equal to the sum of 
the moments of those on the other side. 
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15. Before proceeding further, we shall notice one 
or two practical applications of the lever in the form 
we have described it, which is commonly called that 
of a lever of the first kind. 

1 6. If the two arms of the lever are equal in length, 
it is manifest that to produce equilibrium the two 
weights must also be equal to each other. And this 
is the principle of the balance or pair of scales, a 
weight being measured by placing it on one side, so 
as just to balance some other known weight on the 
other side. It is therefore essential to the accuracy 
of the instrument that the fulcrum be equidistant 
between the points of suspension of the two weights, 
t. e, that the two arms of the balance be equal in 
length. Nevertheless, if the distances of the fulcrum 
from those points be unequal, provided that both are 
known, there will be no difficulty, though more 
trouble, in ascertaining the value of one weight by 
balancing it with another. For let AF, BF be the 
two arms of the balance, F being the fulcrum, and 
P, Q the two weights, p 
of which the value of ^ A 2, 



6 



6q 



P is known, and that ^ 

of Q is sought by 
making P balance it 
in the scales. We 

have P X AF= Q x BF ; therefore a= ^^^, which 

equation determines Q if AF and BF are known. 

17. Even if they are not known, it will be possible 
to determine Q by the following process. After find- 
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ing a weight P which will balance it as before^ transfer 
Q to the other side of the scales^ and find a weight B 
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which will balance it in this new position. Then 
we have the two equations, PxAF=QxBF and 
QxAr=ExBF. From this it is easy to deduce 

Q»=PxE,orQ=VP^. 

18. The steelyard differs in its mode of application 
from the ordinary balance ; in it the substance to be 
weighed is placed in the short arm, and a known 
weight is moved along the other arm until equilibrium 
is effected ; the distance of the known weight from 
the fulcrum, compared with that of the substance to 
be weighed, gives the required ratio of the two 
weights. 

19. When the fulcrum is not between the two 
weights, the lever is said pp. 
to be of a different kind. 
Thus, let the fulcrum be 
at one end, and a power 
P be exerted vertically 
upwards to raise a weight 
W; we shall have, as 
before, if the power just 
sustain the weight, PxAF=WxBF. In this ar- 
rangement the lever is of the second kind. The third 
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kind is when the power is between the weight and 
the fulcrum. 

20. We shall now say a few words about the me- 
chanical power called the Wheel and axle, which is 
merely a modification of the lever. In this instru- 
ment the weight is fixed to a 
rope, which is wound round a 
small cylinder called the axle, 
and the power is suspended 
in the same way on a larger 
cylinder turning on the same 
centre, which is called the 
wheel. The power and the 
weight then act as in a lever, 
of which C is the fulcrum, and 
CA, CD are the arms. To produce equilibrium we 
must have P x AC= W x CD. It is evident that no 
difiference will ensue if the power is 
applied at the end of a spoke, and in 
any part of the circle, provided it be 
exerted in the direction of the tan- 
gent to the circle at the point of ap- 
plication. 

21. The Pulley, in its simplest 
form, consists of a wheel moveable 
round its axis, which is itself move- 
able. A cord is passed round the 
wheel, one end of which is fixed as 
at D, whUe the power P by its ten- 
sion at the other end keeps the cord stretched ; the 
weight W is suspended from the centre of the pulley. 
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Now, here the weight is sustained hy the tension of 
the string acting at B, and of the power at A. The 
string heing kept stretched, these two tensions are 
equal ; either therefore is equal to the power P, and 
the sum of the two to 2P. If they are kept in equi- 
lihrium hy the weight "W acting in the opposite di- 
rection, we must then have "W=2P, or P=|"W. 

22. The only other mechanical power we can treat 
of with advantage here is the Inclined Plane, the 
conditions of equilihrium on which, as on the lever, 
admit of an easy investigation hy the Triangle of 
Porces. It is necessary, in the first place, to show in 
what direction the resistance of an inclined plane to 
a hody placed upon it acts, and it is not difficult to 
prove that this must he 
in a direction perpen- 
dicular to the surface of 
the plane. Por let AB 
he the inclined plane, 
and "W a weight placed 
upon it, which is thus restrained from moving in any 
other direction to a lower place, hut (the plane heing 
supposed perfectly smooth) is free to run down the 
length of the plane. Now we say that the resistance 
offered hy the plane is in the direction WE, perpen- 
dicular to AB. If not, let it he in some other direc- 
tion, as WS or "W'R parallel to it, and let its value 
he represented hy the line W'R. Then, hy the prin- 
ciple of the resolution of forces (§ 10), W'R may he 
resolved into two, WW and WR, at right angles to 
each other. But WW would he a force urging the 
body along the plane, which the resistance of the 
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plane eannot exert ; hence WW is equal to nothing, 
and the only force left is in the direction WJtt. 

23. We are now in a position to discuss the eon-* 
ditions of equilibrium when a body rests upon an 
inclined plane. Let, then, a weight W be so sustained 
upon the inclined plane ABC, by means of a power P, 
the pressure of which acts vertically downwards, but 
is changed into a force exerted in the direction CA by 
means of a cord passed over a fixed pulley* at A. 
The weight W then is kept at rest by three forces ; 
its own weight acting vertically downwards, the ten- 
sion of the power F actiug in the direction GA, and 
the resistance of the plane, acting perpendicularly to 
its surface or in the direction £D, which is at right 
angles to AG. Since then the three sides of the tri- 
angle BAD, taken in order, AB, DA, BD, are parallel 
to the directions of these forces which keep each other 
in equilibrium, they are also, by the Triangle of Forces, 
proportional in magnitude to those forces respectively. 
Hence P : W : : DA : AB. Now we have by Euclid 
vi. 8, DA : AB : : AB : AG. Consequently P : W 
: : AB : AG, or the 
power is to the 
weight which it 
thus sustains on an 
inclined plane as 
the height to the 
length of the plane. 

24. Having thus treated with great brevity of the 
most important mechanical powers, and the condi- 

* The only effect of a fixed pulley is to change the direction 
of a force. 
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tions of equilibrium on each, we shaU oonclude what 
we have to say on statics by a few words concerning 
what is called the centre of gravity of different bodies. 

25. In treating of the principle of the lever, it was 
shown that if a rigid rod, loaded with a weight at 
each end, was supported at a point whose distances 
from the two ends were inversely as the weights sus- 
pended from them, the moments of the two weights 
about that point would be equal, and the rod would 
rest, being in a position of equilibrium. In like 
manner, there is a point in every body or system of 
bodies rigidly connected together, which, if it be sup- 
ported, the body or system wiU balance about it in 
any position. That point, which is called the c^itre 
of gravity of the body or system of bodies, requires 
for its support a force equal to the weight of the 
whole body or system, which may, so far as efiects 
are concerned, be considered to be aU colleeted togo- 
ther at its centre of gravity. 

26, From this it results that the centre of gravity 
of every body always takes up the lowest position it 
can reach ; if it is sustained, the body will be sup- 
ported ; if not, the body will twist about it and take 
up a new position, where its weight acting at its 
centre of gravity is counteracted by an equal opposing 
pressure below. When, therefore, a body is placed 
on a horizontal plane, with which it is in contact by 
its lower part or base, if the centre of gravity of the 
body is vertically over a point within the base, the 
body will be in a position of equilibrium, and will 
rest undisturbed ; but if a vertical line through the 

c 
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centre of gravity fall without the base, the body will 
fall. (It is to be understood that the effects of fric- 
tion are wholly neglected here, and all bodies supposed 
perfectly smooth.) 

27. When a body is suspended so that its centre 
of gravity is below the point of suspension, and is in 
a state of equilibrium with the centre of gravity at 
the lowest point, or in the same vertical line with the 
point of suspension, if it be disturbed from that po- 
sition, it will return to it by the force of gravity. 
Such a position, therefore, is called one of stable equi- 
librium. 

28. But when a body is supported on a small base, 
so that its centre of gravity is above the point by 
which it is supported, and is in a state of equilibrium 
with the vertical line through the centre of gravity 
passing within the base, if it be more than very 
slightly disturbed from that position it will not re- 
turn to it, but will move imtil the centre of gravity 
has taken up a new position as low as it can reach. 
Such a position is therefore called one of unstable 
equilibrium. 



SEcnoir n. 

MECHANICS.— DYNAMICS. 

1. Dynamics, in its full extent, is a branch of ma- 
thematics involving analysis of the highest order, 
and discusses the general problem of the effects of 
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several forces actmg at once upon bodies either at 
rest or in motion, in producing motion ^in them, or 
in changing the motion they already have. All we 
propose to do in this short sketch of its first princi- 
ples, is to explain as simply as possible the funda- 
mental laws by which all motions in bodies are regu- 
lated, and to give some simple illustrations of their 
effects. 

2. Matter is of itseK indifferent to rest or motion. 
If a body is at rest, and no external force is brought 
to bear upon it, it must for ever remain at rest ; if 
by any force it is set in motion in any direction, and 
neither that nor any other force afterwards acts 
upon it, it must for ever continue to move in that 
direction with the same velocity which had been im- 
pressed upon it when it was last left to itself. This 
property of bodies is known by the name of their vis 
inertias — a term implying that they have no power 
either to set themselves in motion, or to avoid moving 
if any force, however small, is brought to bear upon 
them, or to cease or change their motion if once so 
put in motion by a force. 

3. The first law of motion then is this : that if a 
body is acted on by no external force, it wiU be 
either at rest, or in imiform motion in a straight 
line. So that if a body is either at rest or in uniform 
motion in a straight Hne, it may be concluded that 
it is acted upon by no external force, and that it has 
been in identically the same state since the time 
when an external force last acted upon it. 

4. Though this law caimot« by the nature of the 

<j2 
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case, be directly proved by experiment, yet it may 
be inferred with a probability so strong as almost to 
amount to demonstratidh from experiments which we 
daily witness. That bodies are unable to put them* 
fielves in motion needs indeed no proof ; and when 
they are put in motion by an external force, we see 
that that motion is continued to a greater distance, 
and ceases more gradually the fewer and slighter 
are the causes (such as the resistance of the- air or 
other medium through which the motion is performed, 
or the Motion of the body against the ground, or 
any surface with which it is in contact during its 
motion) which tend to check, retard, and gradually 
stop its motion. 

5. From what we have said, it is at once appa- 
rent that if a force acts continuously upon a body, it 
will generate in that body a constantly increasing 
motion. Eor if the force ceased to act, the body 
would continue to move in the same direction and 
with the same velocity as it was moving at the mo- 
ment of that cessation ; but t^e force continuing to 
act, the body possesses after any given m<Hnent the 
uniform motion produced by the force having acted 
upon it up to that moment, and also the motion pro- 
duced by the continued action of the f<»:ce after that 
moment. 

6. Forces, then, &om this point of view are divided 
into impulsive, and constant or accelerating forces; 
:and it is necessary clearly to understand what is 
meant by each oi these. 

.7, "So effect in nature is absolxitely instantaneous ; 
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and a force, in order to produce any effect upon a 
body's motion, must act upon it during some duration 
of time. But that duration may be too short to be 
cognizable by our senses, and then we can only esti- 
mate the force by the absolute effect produced when 
it has ceased to act. 6uch a force is called an im- 
pulsive force, and the only motion it can ever be 
seen to produce is a uniform motion, i, t, a constant 
velocity, because we are not able to consider it in 
the act of producing motion, but only after it has 
produced it, which motion must therefore be uniform 
by the first law of motion, derivable directly from 
the vis inertiae, which is the universal property of 
bodies. This then may be expressed by the equation 
s^^vty where s represents the space described in the 
time t with the velocity v. 

8. When, on the contrary, the same force acts 
upon a body during an appreciable interval of time, 
it will generate in that body a certain velocity in a 
certain interval of time (according to its intensity), 
and in the next equal interval of time the same 
velocity, so that at the end of the two intervals of 
time, double the velocity will have been generated of 
that which was generated at the end of the first 
interval, and so on ; the force, being constant, gene- 
rating in each successive interval of time an equal 
velocity, and therefore producing a constantly in- 
creasing velocity by equal increments; and the 
velocity produced at any moment being proportional 
to the time which has elapsed up to that moment 
cdnce the force began to act, and the force being 
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measured by the velocity it has generated, not abso- 
lutely, but at the end of a given unit of time. Such 
a force is called a constant, or an accelerating force. 

9. The most familiar instance of such a force is 
the force of gravity, as it is called. We shall say 
something about this force generally hereafter, but 
shall here define it by its manifest effect on the 
earth's surface, as a constant force by which all 
bodies tend to move, and if they are not supported, 
t. e., if that tendency is not coimteracted by some other 
force (as referred to in Statics), actually do move 
downwards or towards the centre of the earth. And 
we shall illustrate the above principle of the action of 
a constant force by the effects of gravity, which may 
also be of practical application. 

10. We must first give the units usually adopted 
of time and space. These are one second and one 
foot. The velocity expresses the number of units of 
space described in one unit of time ; so that a velocity 
of 10 implies that a space of 10 feet is described in 
one second of time, or at least that that space would 
be described in one second of time if the velocity 
continued uniform for that second. 

11. By the definition, then, of constant force we 
have the equation v=/{, where /represents the force 
under consideration, measured by the velocity it pro- 
duces in the unit of time. And we must show how 
in this case to determine s, the space described in the 
time t, with this constantly increasing velocity. 

12. When the force in question is the force of 
gravity, the letter g is used to denote it, so that we 
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have v=gt Now it has been ascertained by nu- 
merous experiments that the force of gravity on the 
earth's surface is of such an intensity as to generate 
in a body subjected to it a velocity downwards or 
towards the earth's centre of about 32-2 feet in one 
second of time. This then is expressed by saying 
that g=S2'2, or v=32'2 x < is an equation applicable 
to all cases of bodies surrendered freely to the action 
of gravity. ^ 

13. The equation s=v^ is of course only applicable 
when the velocity is constant, but when the velocity 
is continually increasing under the action of a con- 
stant force, the space described in a given time will 
be the mean of that which would have been described 
if the velocity had been during the whole interval 
what it was at the beginning of it, and that which 
would have been described if it had been during the 
whole interval what it was at the end of it. Thus 
if the time be reckoned from the body's being in a 
state of rest, at the beginning of that time the velo- 
city will be nothing ; let us call the velocity at the 
end of it V, and the mean velocity will be -j (0 -|- V) 
=^ V, so that s=^Yt. And since the velocity is 
always equal to the product of the force into the 
time, we have in the case of a constant or accelerating 
force, 8=ift . t=^ ft^. 

14. This proposition is so important and funda- 
mental that it will be proper to give a strict demon- 
stration of it. Let then the time t be supposed to 
be divided into n intervals, each equal to r, so that 
nT=^t, then the velocities at the beginnings of the 
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Ist, 2nd, drdy 4th . . . nth of these intervals will be 

0,/r, 2/r, 3/r....(n-l)yr, 
and at the ends of the same interrals 

/r, 2fr, 3/r, 4/r . . . n/r. 
Then, if the body were to move daring each snc- 
eessive interval of r with the velocity which it had 
at the beginning of that interval^ the space described 
would be (adding the successive spaces, each obtained 
by the principle 8=svt) 

0.r+/r.r+2/r.r + ..(n-l)/r.r, 
which is =/r* {1+2+3+ +(n— 1)} 

= --2~« w ./r"=Jn(w— l)/r^ 

Now nr=<, consequently t"= -y; and substituting 

this value for r*, we reduce the above sum to 

But if the body were to move during each successive 
interval of r with the velocity which it has acquired 
at the end of that interval, the space described would, 
similarly determined, be 

fT.T + 2fT.T +nfT.T 

=fr\l+2+S +n) 

= i/r^n(n+l) 



=j/i'(i+l). 
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Now, since the actaal Telocity is never constant^ but 
is continually increasing during the whole duration 
of t, the space acttudly described by the body will be 
intermediate between those that would be described 
under each of the above two hypotheses ; that is^ 9 
lies between 






and -g- 

however large n be taken, or into however many 
intervals the time be supposed to be divided. But 
when n becomes indefinitely large, each of these two 
quantities becomes ^fi^; and therefore «, which 
always lies between them, must coincide with them 
in the limit, that is, 

15. The spaces then described in one, two, three, 
four, <S^c. units of t being 

i/Xl, i/X4, i /X9, i /x 16, Ac, 
those described in the successive imits will be 
i fx 1, i/x (4-1), i fx (9-4), ifx (16-9), &c., 
or i/xl, i/x3, i/x6, i/x7,&c., 

that is, in the proportion of the odd numbers 

1, 3, 5, 7, &c., 
forming an arithmetical progression whose common 
difference is ^ fx 2, or / . 

16. Since t;=/<, v^=:fe=i2fs ; therefore v=. V^ 

17. The proposition proved in § 14 is so important 
that we will endeavour to make it clear by a geome- 
trical illustration also. Since equal velocities are 
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generated by a constant force in equal times, or, 
which is the same thing, the velocities generated 
are as the times in which they are generated, any 
number of velocities and their corresponding times 
of production may be represented by the homologous 
sides of a series of similar triangles. Thus, if DE, 
FG, HI be paraUel to BC, and AD, DP, EH, HB 
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represent successive intervals (such as seconds) of 
time, and DE be in such proportion to AD that it 
will numerically measure the velocity generated by 
the force under consideration in one second, then 
will EG, HI, BC, &c. represent in the same way the 
measure of the velocity generated in two, three, four, 
<fec. seconds. Now form about AE, EG, GI, IC as dia- 
meters, parallelograms as shown in the figure. Then 
if the body be supposed to move during the whole of 
each successive second with the velocity which it has at 
the beginning of that second, the whole space passed 
through in four seconds will be represented by the tri- 
angle ABC minv» the halves of those parallelograms ; 
since in each second it wiU be (as with a imiform velo- 
city we must have «=vf, so that the space may be re- 
presented by the rectangle formed upon the velocity 
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and time) measured by a point or nothing, parallelo-* 
gram EF, parallelogram GH, parallelogram IB, &c. 
But if the body be supposed to move during the 
whole of each successive second with the velocity 
which it has at the end of that second, the whole 
space passed through in four seconds will be repre- 
sented by the triangle ABC jplus the halves of the 
same parallelograms ; for in each second it will be 
measured by the parallelograms AE, DG, PI, HC, 
Now, as in the actual fact, when the force is con- 
stant, the velocity is continually increasing, not only 
from second to second, but from one infinitesimally 
small fraction of a second to the next, we shall more 
nearly represent it the more we divide AB into 
spaces representing smaller intervals of time; the 
consequence of which will be that the parallelograms 
about AC will become smaller till they become insig- 
nificant and finally vanish altogether; so that the 
actual space passed through in a duration of time 
represented by AB with a force capable of generating 
in one second a velocity represented by DE, wiU be 
measured by the triangle ABC itself. But as the 
area of a triangle is equal to half the product of its 
base and altitude, this will be ^ AB x BC ; or s, the 
space, wiU be =^vt ; or, since v^=ft, we have as be- 
fore 8=i^ft^, 

18. Since v represents the velocity generated at 
the end of the time t, we have this consequence 
deducible from our formula : the space described by 
a body falling from rest in any given time is equal 
to one-half of that which would have been described 
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liad fhe body fallen during the whole time with the 
yelocity which it had at the end of it. For the space 
described with a constant velocity v is suvt, and we 
have just shown that when a body falls from rest 
8cB^ vty where v denotes the velocity acquired at the 
end of the time represented by t. 

19. It will be well here to give an example or two 
of the motion of falling bodies, by means of the for- 
mnlae we have established, which are in this case 
vsafft and 8=sJ^g^, where ^=32*2 feet, and t is ex- 
pressed in seconds of time. 

20. -Ea?. 1. — Pind the space descended in seven 
seconds by a body falling freely, and the velocity 
acquired at the end of that time. 

Here «=i^<^=sl6ax 49 =» 788-9 feet, the space 
descended. 

And v=32*2x7=s225-4, the velocity acquired at 
the end of the seven seconds. 

21. jEa?. 2. — JFind the time occupied in descending 
400 feet. 

^ , /28 /2s / 8 7400 

Here «=^-_=^_=^_.=^_^ 

ss V 24*84 SB 5*0 seconds. 

22. Ea^. 3. — If a body fall freely for 6 seconds, 
how far will it fall during the last, or fifth second ? 

If in the formula «=i^^ we put successively 6 and 
4 for t, we shall obtain the difference between the 
spaces fallen in five and four seconds, which will be 
the space fallen in the fifth second. It will be, 
therefore, i^x26-i^x 16=16-1 x 9=144-9 feet. 

23. Ex. 4.— If a body falls 176 feet during the 
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last second of its fall, what was the height from whidh 
itfeU? 

Here it will be best first to find the whole time of 
descent ; and since the space fallen in any second is 
as J^— ji^(<— 1)% where t is the number of seconds 
which at the expiration of that second has elapsed 
since the commencement of the fall, 

=i^ (2<-l)=:32-2x«-16-l; 
if we add 16*1 to the space given and divide the sum 
by 32*2, we shall have the time of the whole descent, 

which is therefore — ^^ — =6*0. So that the 

body has fallen for six seconds, in which time it must 
have descended 16-1 x 36=579-6 feci 

24. We will now proceed to enunciate the seoood 
law of motion, which is concerned with two or more 
forces acting simultaneously upon a body, and asserts 
that, when this is the case, each force produceB its 
whole efiect in generating a velocity in its own direo- 
tion as if the others had no existence. The follow* 
ing are simple experiments illustrating this law :•*«- 
If a ship be sailing with a uniform motion, it will 
require the same force to throw a ball from the bow 
to the stem as from the stem to the bow, or the 
same distance in any other direction ; and if it be 
dropped from the top of a mast, it will fall at the 
foot of the mast. So also the motions of a person 
on the deck of a vessel moving unifocmly in a straight 
.line, or on the floor of a railroad-carriage in equable 
motion, are quite independent of the motion of the 
^hip or the carriage ;. if he jumps i^purardii he will 
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deBcend npon the very place from which he rose, and 
he can walk in any direction, precisely as if he were 
standing upon fixed ground. 

25. We will particularize the three cases of two 
forces acting upon a body, (1) when both of them are 
impidsive forces ; (2) when one is impulsive and the 
other constant ; and (3) when both are constant. 

26. If an impidsive force acts upon a body at A^ 
such as, if acting alone, 
would produce in it a uni- 
form motion from A to B 
in a certain time, and at 
the same moment another 
impulse acts upon it, such as, if acting alone, would 
produce a uniform motion from A to C in the same 
time, the body will, under the joint influence of the 
two impulses, describe in that time the straight line 
AD, which is the diagonal of the parallelogram whose 
sides represent the spaces that would be described by 
the force of each impulse separately. This is called 
the parallelogram of velocities; and sometimes the 
dynamical parallelogram of velocities, to distinguish 
it from the geometrical, which is merely a geometrical 
convention for resolving the motion of a body in one 
direction into two directions, making any angle with 
each other, similar to what we showed in treating of 
balanced forces (Statics, § 10) ; thus a velocity re- 
presented by AD may be resolved into velocities in 
tiie directions AC and CD, represented by the lines 
AG, CD respectively. 

27. But if an impulsive force has acted upon a 
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body so as to cause it to move uniformly in the direc- 
tion A£^ while at A a constant or accelerating force 
begins to act upon it in the direction AC, the result- 
ing motion will evidently not be in a straight Hne. 
We will suppose, to simplify the case, that the con- 
stant force acts always in the direction AC, or in a 
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direction parallel to it, or that it acts, in so far as 
direction is concerned, in the same manner as an 
impulsive force would have acted. I^ow if AB be 
divided into any number of (say three) equal parts, 
Aa, ah, bB, the body would describe, under the action 
of the impulsive force alone, these three spaces in 
three equal spaces of time, as seconds for instance. 
But we have shown (§ 14) that the spaces described 
in successive seconds under the influence of an ac- 
celerating force, are as the odd numbers 1, 3, 5, 7, 9, 
&o. ; in three seconds, therefore, they will be in the 
proportion of the three numbers 1, 3, and 5. Divide 
AC into nine equal spaces ; let Aa' be equal to one 
of them, a'&' to three, and b'C to five ; then, the con- 
stant force being supposed to be of such an intensity 
as to generate in one second a velocity sufficient to 
carry the body through two of the spaces in a second. 
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it would, tinder the action of the constant force alond, 
describe these three spaces, kafy a'V, and h'Q in three 
snccessiye seconds. Under the influence, therefore, 
of the two forces jointly, the body will, at the end of 
each second, be at the points a, /3, D; Aa being the 
•parallelogram formed upon Aa, Aa'; A/3 that upon 
Ah, Ah*, and AD that upon AB, AC. It is evident, 
therefore, that the body's motion will be in a curved 
line Aaj3D. It will be, in fact, the curve known to 
mathematicians under the name of the parabola, one 
of the conic sections ; but we are not at liberty to 
enter further into this, since in this little treatise we 
do not Suppose the reader to be acquainted with the 
doctrine of the conic sections. But we may mention, 
that as the earth's gravity, for the small parts of the 
earth's surfeuje with which our experiments are con- 
cerned, may, ali^ough really tending towards the 
earth's centre, be ocmsidered as acting in parallel 
lines, this is the way in which a body, projected in 
any direction by any force on Hie earth's surface, 
actually does move, — ^that is, if we neglect the effect 
produced by the resistance of the air, and all other 
causes of disturbance. 

28. In a similar way it would be easy to illustrate 
the motion of a body moving under the joint action 
of two accelerating forces. If these begin to act upon 
it at the same instant, its path will be a straight 
line, since both will tend to accelerate it propor- 
tionally in equal times ; butif theyb^intoact iip<Hi 
it at different moments, the direction of the path will 
be iiioi« or less johanged from tiuit of a straight line. 
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, 29. Th» simplest case of two forces acting simul- 
taneously npon a body is when they both act in the 
same straight line ; t. e.y either in precisely the same 
direction or in precisely opposite directions. The 
whole effect of both forces npon the body will, in the 
first case, be to produce the sum of the motions which 
either alone would have produced in the same direc- 
tion ; and, in the second case, to produce the differ- 
ence of the motions which either alone would have 
produced. Although this is strictly on the principle 
of the second law of motion, yet in this instance it is 
so self-evident, that we have in effect made use of it 
in treating of the motions produced by a constant 
force acting alone ; since the motion previously pro- 
duced was dealt with as if it had been a uniform 
motion produced by an impulsive force, and added to 
the motion afterwards produced by the continuous 
action of the constant force. 

30. The easiest illustration of this is when a body 
is projected by some impulsive force generating a 
constant velocity in the same direction as that in 
which the body is falling under the iofluence of 
gravity, or in the direction precisely opposite to it ; 
i. e.y either directly downwards or directly upwards. 
Thus if a body is projected downwards with a velocity 
V, it will move in the time t by that force through a 
space tfssY^, and will fall in the same time by the 
action of gravity a^ssj^gf. Under the joint influence 
therefore* of gravity and the force of projection, it 
will fall in the time t a space measured by V«+ ig^. 
But if the body be projected upwards, or in the con- 

n 
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trary direction to that of gravity, with thevelocity V^ 
it will move upwards in the time t through the space 
represented by the formula, «=V<— |^. Of this it 
will be advantageous to furnish an example or two. 

31 . Ex, 1 . — K a body be projected vertically down- 
wards with a velocity of 100 feet per second, how 
far will it fall in three seconds ? 

In the formula «= V«-f j^, we have here V=100, 
<=3, ^=sl6-l, 60 that s, the space fallen, 

=100x34-161 X 9=444-9 feet 

32. Ejc. 2. — If a body be projected vertically up- 
wards with a velocity of 100 feet per second, how 
high will it rise in three seconds ? 

Here we have to make the same substitutions as 
in the last example, but in the formula 

This gives us 

«=100x3-161x 9=155-1 feet. 

33. Ex. 3. — K an arrow be propelled vertically 
upwards from a bow with a velocity of 96'6 feet per 
second, how high will it rise, and how long will it 
be before it reaches the ground again ? 

In this ' example we have to consider when the 
velocities generated in two opposite directions become 
equal to each other and mutually destroy one another, 
thereby causing motion to cease. Now, the velocity 
generated in the arrow upwards by the force of the 
propulsion is constant, and is, by the supposition, 
96*6 ; that generated by gravity downwards is con- 
stantiy increasing by equal incremeiits, and at any 
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time t is equal to gt, or 32*2 x t. Motion upwards 

will therefore cease when 32-2xi(=96-6y or when 

96*6 
tsoQ:Q83. Consequently the arrow will rise until 

the expiration of three seconds^ and will then descend 
again, as if afterwards surrendered to the free action 
of gravity. Now> since it rises in any time t through 
a space ssYt^J^^, and when it rises until the 
opposing force of gravity will permit it to nse no 
longer, gt becomes sY, the space risen will be 
g^—igt^^^ig^f or it will rise to the same height 
as it would have fallen in the same time under the 
free action of gravity ; gravity retarding the velocity 
of projection of any body by the same stages as it 
would have produced the same velocity by its force of 
acceleration if the body had fallen from rest. The 
arrow will consequently rise to a height of 16*1 x 9 
= 144*9 feet, and will then fall in the same space of 
time as that occupied in rising; the whole time of 
both ascent and descent taking up six seconds. 

To make this destruction of motion in one direction 
more dear, we will exhibit the spaces passed through 
by the arrow in each of the successive six seconds. 

In the first second it wiU rise 

96*6— 16*1=80*5 feet; 



in the second 
in the third 
in the fourth 



96*6-48*3=48-3feet; 
96*6 -80-5=16*1 feet; 
96-6- 112*7= -16*1 feet; 



1)2 
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in the fifth 

96-6- 144-9= -48-4 feet ; 

and in the sixth 

96-6-1771=--80-6 feet 

The — edgn here implies that the arrow is fEdlin^ 
instead of rising, and it is seen that the fall in the 
sixths fifth, and fourth second is the same as the rise 
in the first, second, and third ; the velocity upwards 
hy the force of the propnlsion continuing constant, 
hut the accelerating force of gravity causing a larger 
and larger velocity downwards, so as first to halance 
and afterwards overcome the former. 

34. We will now say something of the motion of 
a hody on an inclined plane, when it falls hy the 
action of gravity alone, hut, instead of falling verti- 
cally, rolls down the plane. Let ABC he an inclined 
plane, AC heing its ^ 
length, AB its height, 
and BC its hase. Now 
if AB be taken to re- 
present the force of 
gravity, which is of 
coarse exerted verti- 
cally downwards, it is here, hy the intervention of 
the plane not suffering it to produce its natural effect, 
resolved into the directions AD, DB. The part AB 
only produces a pressure on the plane itself; the 
part AD alone is effective in causing the body to 
roll down the plane. This part, then, is to the 
whole force of gravity as AD to AB, or (by similar 
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triangles) as AB to AG ; that is, as the height to the 
length of the plane ; so that the accelerating force 
of gravity, when acting upon a body on an inclined 
plane, is diminished in this proportion. If, then, we 
represent the height and length of an inclined plane 

by "h and Z, and write ^ . y for ^ in the formulae pre- 

yiously demonstrated, we shall be able to solve all 
questions of motion on such a plane, of which we 
give the following example : — 

35. Ex. — ^How far will a body descend from qui- 
escence in four seconds on an inclined plane 400 feet 
long and 300 feet high ? 

Here 

«=j^.p<»=161x|^^xl6=16-lxl2=193-2ft. 

36. We have proved in § 15 that t;=sv/2^; so 

that on the inclined plane t;=A /^— Now if the 

space descended be the whole length of the plane, 
this becomes t;r=r kj^gh. The velocity, therefore, ac- 
quired in falling down an inclined plane is dependent 
solely on the height of that plane, and is the same 
for all planes of equal height, however various may be 
their lengths ; it is the same, in fact, as would be 
generated by falling freely through a distance equal 
to the height of the plane. 

37. It also results from the formula ^rsz^^t^ that 
when 5sZ, or the whole length of the plane is 
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2P 7 2 

descended, «*= -jf ; • * • *=^a/ -jj- If therefore h 

be constant, ^ /_ is a constant quantity, and t 

varies as 7 ; that is, for inclined planes of the same 
height, the time of descent is exactly proportional to 
their length. 

38. Hitherto ire have spoken of the motion pro- 
duced in bodies by a force or forces acting npon them^ 
without taking account of the mass or quantity of 
matter contained in a body so moved. And it was 
unnecessary to do so in discussing the questions we 
have as yet considered. For the equation t; =sft (§ 11) 
resulted immediately from the first law of motion, and 
is applicable to all bodies, since (any quantity of 
matter being utterly indifferent of itself to rest or 
motion, and therefore compelled to yield to any force 
impressed upon it from without, and to move in the 
direction in which and with the velocity with which 
that force ui^es it) the continuation of the action of 
that force (supposed constant) continually adds to the 
motion previously produced, and thereby increases 
the velocity of the body. In speaking of falling 
bodies, we have stated the value which has been 
found by experiment of the force acting upon them 
by which they are caused to fall. Now this force 
resides in the earth, as is evident by the direction of 
the motion which is generated by it, and being 
exerted upon every particle of matter without exoep* 
tion, causes in each and every particle surrendered 
to its free influence the same amount of motioui 
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thereby producing the same velocity in every unsup- 
ported body, whether that body be large or small, 
heavy or light, t. e. contain a larger or smaller quantity 
of matter. 

39. This truth, that the earth's attraction is the 
same upon every kind of matter, could not indeed 
have been known d priori; neither is it patent to 
the senses at first sight. Nay, we constantly see, in 
apparent contradiction to it, a heavy body faU to the 
ground more quickly than a light one, as if the 
earth exerted a greater attracting force upon the 
former than upon the latter. But more refined ob- 
servations show that this is only because the heavier 
bodies, being denser, or containing matter more closely 
packed together, experience less resistance from the 
air, in which we ordinarily see them faU, than those 
which are lighter in proportion to their size, or con- 
tain the s^e quantity of matter spread through a 
larger space. Por the more the space in which the 
fall takes place is void of air, the more nearly do various 
bodies faU through equal spaces in the same time, to 
however great a degree their weights may differ. 
. 40. In treating, then, of the fall of bodies, we were 
able to neglect the question of what quantity of 
matter they might consist, the velocity of the fall 
being the same whether that is great or small — it 
being supposed either that the fall takes place in a 
space destitute of air, or that the body is sufficiently 
dense to fall without being sensibly retarded by the 
resistance of the air. But when by this, or by any 
other means, motion has been impressed upon a body, 
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that motion will be communicated to any other body 
with which it is directly or iadirectly brought into 
contact^ in an amount varying with the mass or 
quantity of matter of which the body so impelling 
another consists. For the intensity of a body's mo- 
tion^ or the velocity with which it moves, and the 
quantity of its motion are not the same, the latter 
being the sum of the intensity of the motion of all 
the particles of which it is composed, and therefore 
proportional iq different bodies possessing the same 
velocity to the mass or quantity of matter which 
they contain. This quantity of motion of a body is 
called its momentum. So that the momentum is 
proportional to the product of the mass of a body 
and the velocity with which it is moving. 

41. Now, if a body is brought either directly or 
indirectly (i. e. either with or without the interven- 
tion of other matter) into contact with an9ther body, 
its moving force, or the quantity of motion which it 
is capable of communicating to that other body, is in 
the direct proportion of its own momentum or quan- 
tity of motion. This is the proposition which is now 
known under the name of the third Law of Motion. 
It is evident that the intensity of motion or velocity 
communicated will be inversely proportional to the 
mass or quantity of matter contained in the body so 
set in motion by another. For if M, m be the masses 
of the impelling and impelled bodies, and Y, v their 
velocities, we must always have M x V » m x v : 
consequently M : «i : : v : V; that is, v will be 
greater in the same proportion as m is smaller. 
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42. We wish it to be observed that we have two 
kinds of measure of the mass or quantity of matter 
in a body ; the one is called the Statical^ and the 
other the Dynamical mode of measuring it. It being 
known (as we have shown in § 39) that the earth's 
attraction is exerted with equal intensity upon every 
particle of matter^ having no preference for one kind 
of matter over another, the quantity of matter con- 
tained in any body may be ascertained by finding a 
known quantity of matter which will just balance it, 
that is to say, by weighing it, or comparing it with 
a known weight, the standard of which is arbitrarily 
selected. (Thus, in this country, the ounce avoirdu-* 
pois is so taken that 1000 of them will just balance 
a cubic foot of distilled water.) The Dynamical 
measure of a mass is found by ascertaining the velo- 
city which a given pressure or impidse will impress 
upon it, the mass being inversely proportional to this 
velocity. 

48. The following example may help to make the 
principles just laid down more clearly understood* 
Ex. — ^A body weighing 24 lbs. is moved by a constant 
force, which generates in it in one second a velocity 
of 3 feet per second ; what weight would that foroe 
be sufiGlcIent to sustain ? 

To sustain a weight, a force must be exerted capable 
of producing a momentum equal to that which the 
force of gravity would produce in it, or the product 
of its mass (measured by its weight) and a velocity 
of 32-2 feet per second. The force therefore in the 
question is sufficient to produce a velocity of 3 feet 
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per second in a weight of 24 lbs., that is, a momentum 
of 3 X 24, and a velocity of 32*2 feet per second in a 
weight of /ribs., or a momentum of 32*2x^9 where 
GB is the quantity sought. We have therefore 

32-2xa?=3x24, or a? =^11- =2-236 lbs. nearly. 

An impuMve force capable of generating a uniform 
velocity of 3 feet per second would be able to sus- 
tain the same weight (2*236 lbs.) for one second of 
time ; but it would require twice as powerful a force 
to enable it to resist the action of gravity for two 
seconds, three times for three seconds, and so on; 
since the velocity which gravity generates increases, 
its force being constant, exactly in proportion to the 
time. 

44. Before we conclude we will say a few words 
concerning the law of gravitation. Hitherto we 
have treated it as if it were a force of always the 
same amount and acting in parallel lines, or in one 
constant direction, which we call downwards. And 
although (as we have said in Statics, § 14) its direc- 
tion is towards the centre of the earth, and there- 
fore it cannot act strictly in parallel lines; and 
though also, as we are now about to state, it varies 
in intensity when the distance of the body upon 
which it is exerted from the centre of the earth is 
altered, yet in nearly all the operations performed 
by man npon the earth's surface, the distance be- 
tween two different points is so small in comparison 
with the earth's radius that lines drawn from them 
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to the earth's centre may, without sensible error, be 
regarded as parallel, and the force of gravity exerted 
upon them as being the same. 

45. The actual law of gravity is this: It is a 
property of all matter by which every particle of 
matter in the universe is attracted towards every 
other particle with a force varying directly as the 
mass of the attracting body, and inversely as the 
square of the distance between the attracting and 
attracted bodies. So that if A and B are two bodies, 
of whioh A has twice as great a mass as £, A will 
attract B twice as much as B does A ; and if they be 
removed to half the distance, the attraction of each 
upon the other will be four times as great as it was 
before. Mathematicians have proved that the attrac- 
tion of spheres is the same as if all the matter con- 
tained in them were collected at the centre; the 
earth, therefore, being very nearly a sphere, its 
gravitation may be considered as a force tending to 
its centre. 

46. By this law of gravitation, combined with the 
three laws of motion we have before enunciated, 
Sir Isaac Newton and his successors, following in his 
steps, have explained the motions of the great bodies 
of the universe (at least, those with the motions of 
which we Have any acquaintance) in a way that may 
now be looked upon us almost complete. And this, 
the doctrine of physical astronomy, founded as it is 
upon the most profound mathematical reasoning com- 
bined with accurate and refined observations carried 
pn through a long series of years by means of instro^ 
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ments which have been the product of the greatest 
human skill and ingenuity, may well be considered 
as the most magnificent result in the field of natural 
knowledge that man has achieved. 

47. The first step in the chain of reasoning by 
which Newton was led to this grand generalisation 
and to extend the force of gravity fix>m the earth to 
the heavens, from its long-known effects upon bodies 
on the earth's surface to similar effects upon the 
celestial spheres, may perhaps be profitably indicated 
here ; and so we will conclude this short sketch of 
the first principles of Dynamics. 

48. The Moon being conceived to have a projectile 
force impressed upon it, by which it is moving with 
a constant velocity in the direction AB of a tangent 
to its orbit round the Earth, the centre of which is 
E, and the Earth's attraction acting upon it in the 
direction CE ; by the _^ 
second law of motion, 
the latter force draws 
the Moon just as fsir 
from the tangent to her 
orbit as if the projectile 
force had no existence ; ^ 
i.e. as if the Moon was freely surrendered to the 
action of the Earth's gravitation, and fell to it like a 
body on the Earth's surface— with this difference, 
that the force of gravity being less than at that sur- 
face on account of the greater distance from the 
centre, the Moon wiU be drawn through a much 
smaller space in the same time. Now the Moon is 
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distant about 30 diameters of the Earth from the 
Earth's centre, and therefore she is 60 times as far 
from the Earth's centre as is a body at the Earth's 
surface ; consequently as gravity varies inversely as 
the square of the distance, the Earth must, if our 
principles are correct, exert an attractive force upon 
the Moon 60 x 60, or 3600 times less than it does 
upon a body at its own surface. And it has been 
found by observation that the Moon actually is drawn 
from the tangent to her orbit by that amount, i. e. 
about the 3600th part of 16*1 feet in one second 
of time. 
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Sectiok III. 
HYDROSTATICS AND HYDRODYNAMICS. 

1. As Statics and Dynamics investigate the laws 
of the Equilibrium and Motion of bodies in general. 
Hydrostatics and Hydrodynamics are concerned with 
the discussion of those which are peculiar to Fluids 
when in a state of rest and of motion.. 

2. A fluid differs from a solid body in this req»ect^ 
that its molecules or separate particles possess so 
great a mobility or capability of motion amongst 
each other that the application of the slightest force 
to any one of them is sufficient to displace it from ita 
position relative to the rest. 

3. fluids are divided into elastic and non-elastic. 
Elasticity is a property of certain bodies by which 
they admit of compression by pressure into a smaller 
space than that which they actually occupy, and, 
when the pressure is removed, expand again, so as to 
re-flll the whole space they occupied before the pres- 
sure was applied. So far elasticity is a property 
possessed by some solids as well as fluids ; but the 
peculiarity of elastic fluids is that, when unrestrained 
by external pressure, they expand almost indefinitely, 
BO that if a very small quantity is introduced into a 
vessel however large, it is almost immediately fiUed 
by it, or at least the molecules of the fluid (owing 
apparently to their repulsion for each other) are dif- 
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fused through, the whole space contained by the 
vessel. It is usual to treat of elastic fluids under the 
separate head of Pneumatics ; we shall therefore in 
this section speak chiefly of non-elastic fluids (of 
which the most important, because the most univer- 
sally met with, is water), reserving the consideration 
of the points in which the elastic fluids difler from 
them for the next. 

4. The great characteristic of fluids is the equality 
with which any pressure exerted upon them is trans- 
mitted through them in all directions. To make the 
meaning of this principle dear, we will suppose a 
solid and a fluid body to be unacted upon by the 
force of gravitation, and, being at rest, to be free to 
move in any direction in which they are urged by- 
external pressure. The solid, on account of the co- 
hesion of its particles, will, when pressure is applied, 
move, in one mass, in the direction in which the 
pressure acts, or towards the opposite side to that at 
which the pressure is applied. But the fluid, by 
reason of the mobility of its particles, will suffer 
those particles to be urged in different directions, 
transmitting the pressure unchanged in intensity 
through the whole mass of fluid in every direction. 
Thus, let ABCDEFQH ^ 



be a rectangular vessel L' ^ ' 

containing such a mass 

of fluid. If a pressure 

equal to 100 lbs. be ap- -^ 

plied to the whole side CDEE, and if that side be 

supposed to contain 100 square iuches of surface. 
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tliiB will be equivalent to a preflsme of one pound 
upon eveiy square inch on that side. This amount 
of pressure then will be transmitted through the 
ifhole mass of fluid contained in the vessel in every 
direction; so that each of the remaining five sides 
will be subjected to a pressure of one pound upon 
every square inch of the surface from within. The 
whole mass therefore can only be kept in a state of 
equilibrium by applying an external pressure on each 
side proportional to the area of surfSeu^ which it con- 
tains^ so that every square inch of the whole surface 
on every side may undergo an exactly equal pressure. 
5. In the experiments we are able to make, fluids 
are under the influence of the law of gravity, to 
which, equally with solids, they are obedient. Now 
the force of gravity, acting constantly in one direc- 
tion or downwards, causes a pressure through the 
whole mass of fluid, which is transmitted, like other 
pressures, equally in all directions. But let a cylin- 
drical vessel be filled with fluid ; — as each layer of 
fluid has to undergo the pressure of all the superin- 
cumbent layers, the pressure upon each increases 
with the depth ; and if the fluid be of equal density 
throughout, the amount of pressure upon a square 
inch of fluid so increases as to be exactly proportional 
to the weight of the superincumbent mass of fluid, 
and therefore to the depth below the surface. (In- 
deed we Bhall see presently (§ 11) that, whatever be 
the shape of the vessel, the pressure upon a given 
area is always exactly proportional to the depth 
below the surface.) Consequently the pressure pro- 
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duced by the action of gravity, combined with the law 
of equal transmission of fluid pressure upon the 
interior sides of a vessel filled with fluid, is less upon 
the upright sides in proportion to their area than 
upon the bottom of the vessel; and less upon the 
upper than upon the lower parts of the upright sides. 
But if these pressures be sustained or counteracted 
by equal pressures from without, any additional 
pressures, that equilibrium may be maintained, must 
be in the proportion stated in the last article. So 
thatifABODbeaves- 
sd of any shape and in 
any position fiUed with 
a fluid of equal density 
throughout, and if 
there be orifices of dif- 
ferent sizes and at dif- ^i 
ferent parts of the ves- 
sel, into which fluid- 
tight pistons are in- 
serted; then, that equi- 
librium may be maintained, or the pressure of the 
fluid from within the vessel resisted, an external 
pressure must be applied upon each piston proper-^ 
tional to the area of surface into which it is fitted, 
together with so much additional pressure as may be 
necessary to resist the force of gravity of the fluid, 
which is transmitted through it so as to be jointly 
proportional to the area of surface pressed and the 
depth of that surface below the highest part of the 
fluid. And, by taking this into account, the law of 
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transmission of fluid pressure is capable of being ex- 
perimentally verified. 

6. A very curious result is dedudble from this 
principle of equal transmission. Since any pressure 
applied is transmitted proportionally to the magnitude 
of surface pressed, the whole pressure produced upon 
any surface may be increased to any extent by in- 
creasing that surface. This may be illustrated by 
the following remarkable experiment. Let ABCD be 
' a vessel consisting of two boards connected together 
by leathern sides, the tightening or extension of 
which raises the upper board, which is moveable, 
further above the lower, which is supported. Into 
an opening through the lower board CD, a small tube 
EFis introduced, which, 

as well as the vessel it- *^0^ 

self, is filled with water. \\ 

Kow by making the 
board AB sufiiciently 

large, it is found that a b 

. iiiiiiiii.miiiiiiiimiiiiiiii iiiiiiiiiniiiiiiiM Bnnnnj 

a man standing upon > ___^ — — ^^ -^? 

it and blowing into the ^ — ^ — -w> J 

tube at F is able to lift ^ ■ — - ' "^^ I'l 

miniiiiitiiiiiiiiiiiiiimiiiiiLii iiiiiiiiiiiiiiiiiii.imiiiiiiiiwi — f r 

his own weight without ^ ^ \^^^^^ y/ 

difficulty; the force thus 

exerted upon the water in the tube being increased 
upon the whole board AB in the proportion of the 
number of times which its area contains that of the 
transverse section of the tube. This great multipli- 
cation of a small force by the transmission of fiuid 
pressure has been called the Hydrostatic Paradox. . 
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7. We have shown (§ 5) that the amount of pressure 
to which anypart of a mass of fluid is subjected in con- 
sequence of the force of gj&Yity transmitted through 
it is proportional to the depth of the part below the 
upper surface^ or highest part of the fluid. Prom this 
it follows that the upper surface of a fluid at rest 
under the action of gravity alone is a horizontal plane, 
since otherwise^ if a part of the surface were higher 
than the rest, those parts of the fluid which were 
under it would exert a greater pressure upon the 
surrounding parts than they received from them, so 
that motion would take place amongst the particles 
and continue until there were none at a higher level 
than the rest, t. e. until the upper surface of the 
whole mass of fluid became a horizontal plane. 

8. Since fluids transmit pressure equally in all di- 
rections, when a mass of fluid is at rest or in a posi- 
tion of equilibrium, every particle of that mass must 
exert in every direction a pressure equal to that to 
which it is itself subjected. For, to create equili- 
briiun, every force or pressure must be neutralized 
by an equal opposing force or pressure. 

9. So that when a mass of fluid is contained in 
several vessels possessed of free communication with 
each other, the same conditions of equilibrium must 
subsist as if it were contained in one, and the fluid 
when at rest must have its upper surface at the same 
level in all the vessels. For let IlBCD be a reservoir 
oonsisting of two cylinders or vessels of either equal 
or unequal sizes. Then if water is poured into 

•them and is at unequal heights^ as al, cft, in the 

b2 



-6 

A — 1# 
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two cylinders, any particle under a2, as at « for 
instance, will undergo a pressure arising from the 

weight of the column b f 

of fluid ce above it, 
which it will transmit 
unchanged in inten- 
sity, first laterally or 
in the direction «/, and 
then upwards, or in 
the direction /&. To b 
this pressure a particle of fluid at/ has only ^o oppose 
that arising from the weight of the column of fluid hf 
above it, which is of course smaller if the height hf 
is less than ce. Motion therefore must arise from this 
unequal pressure, and must for the same reason con- 
tinue until the fluid stands at the same hei^^t in the 
two cylinders, when equilibrium will ensue. 

10. The same law will obviously hold good when 
the different vessels are of different shapes and placed 
in different positions. Por by the way in which 
fluid pressure is transmitted, the pressure which any 
particle undergoes is proportional to its depth below 
the highest part of the fluid with which it has free 
communication, whether that part is actually in a 
vertical line with it and connected by successively 
superposed particles or not. 

11. The pressure therefore exerted by a mass of 
fluid upon the bottom of a vessel containing it is 
proportional to the area of the base, and the height 
of the upper surface of the fluid above the base, and 
js wholly independent of the shape of the vessel aod 
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rf the quantity of fluid contained by it. So tha:t"if 
we have tliree vessels, such as those represented in the 
figure, whose bases are equal, but the first is cylin- 
drical or of equal width throughout, the second 
tapers towards a point at the top, and the third in- 







creases in width towards the top ; and if fluid (al- 
ways supposing it to be either the same kind of fluid 
or at leasts of equal density) be poured into each till 
it stands at the same height in all, the pressure ex- 
erted upon the base of each vessel will be precisely 
the same — a result capable of being verified by ex- 
periment. 

12. A remarkable consequence may be deduced 
£rom this, and may also be experimentally shown to 
be true. If a vessel of water have intro- 
duced into it a long vertical pipe, which is 
also filled with water, then, if the pipe be 
sufficiently long, no vessel will be strong 
enough to resist the amount of the fluid 
pressure to which this arrangement subjects 
it. So that if the pipe be suflidently thin, 
a few ounces of water will burst the strong- 
est vessel ever made— the pressure upon the 
bottom being magnified in proportion to the 
number of times its area contains that of 
the transverse section of the pipe. 
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' 13. Prom the above principles it will be easy to 
estimate the amount of pressure exerted by a mass 
of fluid upon any part of a vessel filled with it, whose 
sides are rectangular and vertical. For the lateral 
pressure being the same as the vertical pressure at 
the same depth, the whole lateral pressure upon 
any side will be the mean of all the pressures at every 
depth firom the highest to the lowest part of that 
side, or will be the same as if the pressure were every- 
where equal to what it is at a point midway between 
the bottom and the top of the vessel. The pressure 
therefore upon a vertical side will be the half of what 
it would be if that side were horizontally immersed 
in the same fluid at the depth at which its base ac- 
tually is — ^that is, half the weight of a mass of the 
fluid whose base was equal in area to that side and 
its height equal to the actual height of the fluid in 
the vessel. 

14. If, for example, a cubical vessel is full of water 
and each side of the cube a foot in length, so that the 
area of each side of the vessel is one square foot and 
the content of the vessel one cubic foot, the pressure 
of the water upon the base will be the whole weight 
of the water, or 1000 ounces avoirdupois, while that 
upon each of the four vertical sides will be (since 
their area is the same as that of the base) half the 
same weight, or 600 ounces = 31^ lbs. 

15. We have now to consider what takes place 
when a solid body is wholly or partially immersed in 
a fluid. Now if we conceive any part of a mass of 
fluid to become solid, the only difference between its 
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action and that of the fluid which previously occupied 
its place, will he that it will no longer exert any 
lateral pressure; hut the downward pressure or 
weight will not he different from what it was hefore. 
If, therefore, this solid he of the same density or of 
the same specific gravity (so the comparative weight 
18 called) as the fluid, it. will rest in equilihrium 
wherever it is placed ; if it he heavier, it will sink, 
the opposing upward fluid pressure heing unahle to 
sustain it ; if lighter, it will rise, as that pressure 
exceeds its weight. 

16. In^ the case of the hody heavier than the fluid 
in which it is immersed, there is required to sustain 
it an upward pressure equal to its own downward 
pressure or weight : the fluid only exerts a pressure 
equal to the weight of a mass of itself of the same 
bulk as the solid. From this it follows that if 
a body be so suspended and weighed, its apparent 
weight will be less than its actual weight by that of 
a mass of the fluid of equal bulk, since the latter 
weight helps to sustain it. It is obvious that this 
affords a ready means of comparing the weights of a 
solid body and of an equal bulk of a fluid in which 
it is immersed — that is, of ascertaining the specific 
gravity of the solid as compared with that fluid. 

17. It is of course necessary to select some standard 
of specific gravity, to which to refer all others. And 
the one chosen is the weight of a cubic foot of dis- 
tilled water, which is 1000 ounces avoirdupois (see 
Dynamics, § 42). go that, if a cubic foot of any 
substance weighs twice this quantity, its specific 
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gravity is said to be 2; if only half as much, ^ 
or 0-6, &c. 

18. It will be convenient to illustrate by an ex- 
ample the method jnst explained of finding the specific 
gravity of a solid body by immersing it in flnid. 

Ex, — A body weighs 6 lbs., but when suspended 
in water appears to weigh only 41bs. ; what is its 
specific gravity? 

Here the loss of weight in water is 2 lbs. ; so that 
a quantity of water of the same bulk as the body 
weighs 2 lbs., while the body itself weighs 6 lbs. The 
spedfic gravity, therefore, of the body is to that of 
water a8 6to2, oras3tol. That of water then 
being considered to be the nnit of reference, that of 
the solid snspended in it is 3. 

19. If the same solid be weighed in two different 
fluids, the above principle enables us to find the 
specific gravity of one of the fluids as compared with 
that of the other. Thus, if a body of the real weight 
of 10 lbs. appears when suspended in water to weigh 
8 lbs., and when suspended in some other fluid 9 lbs., 
iiC, loses 2 lbs. of weight in the former case and 
only 1 in the latter, it will follow that a quantity 
of water of the same bulk as the solid weighs 2 lbs., 
and the same quantity of the other fluid only 1 lb. ; 
the specific gravity, therefore, of the fluid in question 
is but half that of water, or is equal (water being the 
standard) to 0*5. 

20. When a solid body is lighter or of less specifio 
gravity than a fluid in which it is placed, the upward 
pressure of the fluid will be greater than the weight 
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or downward pressure of the solid; the latter will 
consequently only partially sink, that is, it Will floo^ 
in the fluid. It will, in fact, sink until it has dis- 
placed a mass of fluid of the same weight as itself; 
for the downward pressure of the solid is equal to 
the whole of its weight, which acts as if it were all 
collected at its centre of gravity upon the part of the 
fluid with which it is in contact; and the upwaid 
pressure of the fluid must also, when equilihrium is 
estahlished, be just equal to this. Now this upward 
pressure must be exactly equal to the weight of that 
portion of the fluid which was displaced to make 
room for the part of the solid sunk below the surface 
of the fluid ; since it was just sufficient to counteract 
that weight before the immersion of the soHd, when 
the fluid preserved an unbroken level surface. Con- 
sequently the weight of the whole solid must be the 
some as that of the part of the fluid which is dis- 
placed to allow the solid to sink until equilibrium is 
restored. That is to say, a solid placed in a fluid of 
greater specific gravity than itself will sink until 
the portion of the fluid displaced by it, which is of 
course equal in bulk to the part of the solid below 
the surface of the fluid, is of the same weight as the 
whole solid. Por instance, if a solid body of three- 
quarters the specific gravity of water be placed in a 
vessel of water, it will sink until three-quarters of 
its bulk is below the surface — ^that quantity of water 
which is displaced by it being just equal in weight 
to the whole solid. 
21. So far we have spoken of the equilibrium of 
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fluids irhen undiBtarbed by the presence of anything 
eke, and also when solid bodies of specific grayities 
differing firom those of the fluids are completely or 
partially immeri^ in them. This completes what 
we have to offer on the subject of Hydrostatics. 

22. We will now proceed to say a few words on 
Hydrod3niamics or Hydraulics (as it is sometimes 
called), which treats of the motion of floid bodies. 

23. If an aperture be made in the bottom of a 
vessel containing fluid, the fluid will flow out in obe- 
dience to the law of gravitation, both by the direct 
action of gravity upon the lowermost particles, and 
by its indirect action causing the particles above to 
exert a greater or less pressure upon those lowermost 
particles, according to their depth below the upper 
surface of the fluid. If the aperture be very small, 
so that its size may be neglected, it makes no differ- 
ence whether its direction be sideways or downwards, 
or, by means of a pipe inserted, turned even upwards ; 
for, in consequence of the equal transmission of fluid 
pressure, so long as the depth is the same, the force 
exerted upon the particles will be also precisely the 
same. 

24. The law expressing the relation between the 
depth of any part of a mass of fluid, and the velocity 
with which it will issue through an aperture in a 
vessel containing it, was discovered experimentally 
by Torricelli, and is therefore called Torricelli's 
theorem. It is this : — If a small aperture be made 
in a vessel containing fluid, the velocity with which 
the particles of fluid will issue through it will be the 
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Bame as if they had fallen freely under the action of 
gravity through a height equal to the depth of the 
aperture below the upper surface of the fluid. So 
that if a pipe be inserted into the aperture and bent 
upwards, the velocity of the issuing fluid will be just 
sufficient to project it to the height of the upper sur- 
face of the fluid in the vessel — ^neglecting of course 
the. effects of friction and of the resistance of the air. 
It matters not what is the density or specific gravity 
of the fluid ; if the depth be the same, the velocity 
will be the same ; for although a heavier fluid exerts 
a greater pressure upon its lower particles, yet they 
present a proportionally greater mass to be moved, 
so that their resulting velocity will be precisely the 
same, 

25. In Dynamics (§ 16) we showed that when a 
body falls freely under the action of gravity, if its 
velocity at any time be called v, the space through 
which it has fallen to generate that velocity «, and 
the force of gravity g, then we have the equation 

v^^2gs. Hence, if « be now made to represent 
the depth of an oriflce in a vessel containing fluid 
below the surface of that fluid, the same equation 
will give the velocity with which the fluid will issue 
through that oriflce. This velocity, therefore, and 
consequently the quantity of fluid which flows 
through in a given time, will be directly proportional 
to the square root of the depth of the oriflce. 

26. And as we showed in Dynamics (§ 18) that 
the space described by a body falling from rest in 
any given time was equal to one-half that which it 
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would have been had it fallen during the whole time 
with the velocity which it had at the end of it, so 
now it might be shown that if two vessels be filled 
with fluid, and small equal orifices be made at the 
same depth below the surface in each, but whilst the 
one is allowed to empty itself, the other is kept full 
by pouring in fresh fluid, the quantity of fluid dis- 
charged by the vessel kept constantly full in the time 
the other takes to become empty, will be double the 
whole quantity thus discharged by the other. For 
the velocity in the former case will continue uniform, 
whilst that in the latter, at first the same as the other, 
will diminish to nothing (in consequence of the con- 
tinuous decrease in the depth of the issuing fluid 
below the surface) by identically the same stages 
reversed as a body falling freely under the action of 
gravity would acquire that velocity. 

27. Before concluding the subject of the motion 
of fluids, we will show how the velocity of a fluid 
flowing through a pipe will vary when the bore of 
that pipe varies in size. Let a 
fluid be made to flow through 
the tube ABCDEF, which is ' 
placed, either vertically or 
otherwise, in such a way that 
the whole tube, which is of 
several different widths, is | 

kept constantly foil. Since ^ 

the pipe is always foU, the 
quantity of fluid which passes during any given time 
through any plane A£ must be precisely equal to 
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that which passes in the same time through the 
planes CD or EE, which are of smaller size than A£. 
Now if the same quantity passes in the same time 
through two areas differing in size, it is evident that 
the velocity must be greater in passing through the 
plane of small area than in passing through that of 
large area ; that it must, in fact, be inversely pro- 
portional to the size of the area. Hence the velocity 
of a fluid in passing through a pipe the bore of which 
varies in size in different parts of the pipe, is inversely 
proportional to the area of the bore or transverse 
section of the pipe at that part. 
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Section IV. 
PNEUMATICS. 

1. Fneomatics is concerned with the discussion of 
those properties of elastic fluids which are peculiar 
to them as such. Elastic fluids, like liquids or non- 
elastic fluids, are subject to the law of gravity ; and 
like them also they transmit any pressure exerted 
upon any of their particles equally in all directions. 
But whereas, in liquids, the pressure exerted is 
entirely due either to their own weight or to the 
application of some external pressure, transmitted 
in this way, the pressure of an elastic fluid depends 
chiefly upon its elastic force. 

2. It has been already stated in the preceding 
section (Hydrostatics, § 3) that an elastic fluid differs 
from a non-elastic in this respect, that if pressure be 
exerted upon the former, it yields to it by being 
compressed into a smaller bulk; and, on the con- 
trary, if preteure be removed, expands again so as 
to difluse itself equally through any space, however 
large, which it is allowed to enter. Space, there- 
fore, cannot be said to be filled by an elastic fluid in 
the way in which it would be filled by one which 
was non-elastic. Two or more elastic fluids may 
be brought into the same space; and if this be 

, done, both will quickly difluse themselves through 
the whole space, so that every part of it will con- 
tain an exactly equal proportion of the two fluids. 
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3. Elastic fluids are divided into two classes. 
Those which are not seen (at least under ordinary 
pressures and temperatures) in any other form are 
called gases ; those which, when the temperature to 
which they are exposed is sufficiently lowered, as- 
sume the form of non-elastic fluids, are called yapours. 
Steam, or vapour of water, affords a common ex- 
ample of the latter. But one of the former, atmo- 
spheric air, so necessary to us in every respect, and 
with which accordingly we are always surroimded, 
will occupy the principal part of our attention here. 

4. Atmospheric air consists indeed not of one gas, 
but of a mixture of two gases in different proportions. 
But in consequence of the property of elastic fluids, 
which we have already mentioned (§2), the two, which 
are called oxygen and nitrogen, are so completely 
mixed and equably distjibuted through any space 
containing them, that the air may be conceived to 
be but one mass, every part of which is composed 
of exactly the same proportion of its two component 
gases, and may therefore be treated, as to its me- 
chanical properties, as if it consisted but of one kind 
of gas. 

5. The weight of the masses of air which usually 
come under our notice is so small that its effect may 
be entirely neglected in comparison with that proi- 
duced by the elastic force. But the effect of gravity 
upon the whole mass of air contained in the earth's 
atmosphere produces a pressure at the earth's surface 
so great in amount that it can never be neglected, 
and is indeed of the utmost importance in many 
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p(Mnts of view. Before we proceed any farther, we 
must describe the means by which that pressure is 
measured. 

6. Let ABC be a bent glass tube Med with a 
fluid, closed at A, but open at C. Now, from the 
principles laid down in Hydrostatics, if ^ 
iheace were no pressure exerted by the at- 
mosphere, or if the instrument were placed 
in a vacuum, the fluid would sink in the 
long end AB of the tube until it stood no 
higher there than in the short end ; so that 
if the tube were originally quite ftill of 
fluid, it would flow out at the opening at C, V^^ 
until it stood at the same level in the tube B 
AB as that opening (i. e. at D). The same would 
be the case if both ends of the tube were open, so 
that the fluid in both had to sustain the same pres- 
sure from the atmosphere. But by the arrangement 
indicated, the tube being previously fllled with fluid, 
and then placed in ihe position shown in the figure, 
the pressure of the external air is exerted at the 
opening C upon the fluid contained in that end of the 
tube only. The fluid therefore will sink at the end 
A, and flow out at the opening C only until the fluid 
pressure in the long end of the tube is exactly equal 
"to that in the short end, together with that of the 
whole atmosphere acting at 0. 

7. If the tube were straight instead of bent, and 
after being fiUed with fluid, inverted with the closed 
/otA upwards, and the open end immersed in an open 
^ugh or vessel full of fluid, a similar effect would 
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follow. For the pressure of the atmosphere acting 
upon the fluid in the open vessel, and being trans- 
mitted equally in all directions, with 
a foioe proportional to the area of 
surface pressed, the fluid in the tube 
would sink until a column was left 
of such a height that its pressure 
upon the area contained by its base 
should exactly equal that exerted 
by the atmosphere upon the same 
area. Above the column of fluid 
thus remaining in the tube, a va- 
cuum would of course be left : this has obtained the 
name of the Torricellian vacuum, from the experi- 
ment having been first made by Torricelli in the 
year 1643. 

8. This, then, is the principle of the barometer,— 
the instrument for measuring the pressure or waght 
of the atmosphere. The fluid usually employed 
(being for various reasons, particularly its great 
specific gravity, the best) is quicksilver; and it is 
found that the pressure exerted upon any area of 
surface by the whole atmosphere, is equal to that of 
a column of mercury of about 29 or 30 inches 
in height. (We say 29 or 30, because it admits 
of changes from time to time, owing to various 
causes which tend to increase or diminish the 
pressure of the atmosphere.) If water is employed, 
it is found that the atmosphere is capable of sus- 
taining the pressure of a column about 34 feet in 
.height. This pressure, exerted by the atmosphere. 
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is eqnal to nearly 15 lbs. upon every square inch of 
surface. 

9. When we ascend an elevation, there being less 
atmosphere above ns, the pressure arising from it is 
also of conrse less, and accordingly it is found that 
the height of the mercury in the barometer is less 
than it is below. The air being an elastic fluid, and 
conseijuently yielding to pressure by compression, 
and the pressure of the superincumbent mass being 
greater at the earth's surface than at a position 
elevated above it, it follows that the air at the sur- 
face is denser than that above it, and considerably so 
than that at great elevations. The height therefore 
of the mercury in the barometer (usually called the 
reading of the barometer) does not dimiTtish equably 
as we ascend above the earth's sur&ce, as it would 
do if the air were, like a mass of non-elastic fluid, 
of uniform density throughout. In fact, at an eleva- 
tion of about 7000 feet, or little more than a mile, we 
And that the barometer reads, instead of SO inches 
(the ordinary height near the level of the sea), only 
about 23,proving that we have there ascended through 
nearly one-quarter of the whole atmosphere, and have 
only three-quarters of its weight still above us. But 
to ascend through another quarter, where the baro« 
meter indicates a pressure equal to that of only 15 
inches of mercury, it is necessary to rise to an eleva^ 
tion of 18,000 feet, or nearly 3^ miles, which is 
considerably more than double the former. 

10. When the law of rate of decrease of pressure 
for increase of elevation has been ascertained^ tibe 
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barometer may be used as a means of measuring 
13ie height of the observer above the earth's surfeuse. 
In this way heights attained in balloon ascents are 
known. Thus, in the very remarkable ascent of Mr. 
Glaisher on the 5th of September 1862, for the pur- 
pose of determining the thermometric and hygrome- 
tric states of the air at great elevations, the barometer 
was observed by him to register less than 10 inches, 
indicating that he Imd then* attained a height of 
nearly six miles. 

11. If the atmosj^ere were of the same density 
throughout as it is at the sea-level, its pressure, 
known (as we have just shown) by the barometer, 
would lead us to the conclusion that it extended only 
about five miles in height. Its actual height, how- 
ever, is not less than forty-five nules, as is known by 
its perceptible effects in producing refraction in the 
rays of light passing through it — alone sufficient to 
prove how much rarer it must be above than at the 
•earth's surflEice. 

12. The elastic force of the air is dependent not 
only upon the pressure to which it is subjected, but 
also upon the temperature or amount of heat, any 
ehazige in which produces a corresponding change in 
the elastic force. If the temperature remains the 
same, the elastic force is such that the space through 
which a mass of air is diffused will vary inversely as 
the pressure to which it is exposed; so that the density 
of the compressed air wUl be directly proportional to 

* We Bsy theny because he ascended even higher, but was 
unable to continue his observations. 

f2 
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the paressnrewhidi compresses it This, which is called 
Boyle's or Mariotte's Law, £rom its discoyerers, is ex-* 
perimentall J proved to be true as follows. 

13. Let there be a g^ass tube, open at both eiids> 
of the form represented by ABC in the An 
figure. Let a small quantity of mercury 
be poured into either leg, and it will of 
eouise, by the law of hydrostatic pres- 
Bure, nse to the same height (D£ for in- 
stance) in both. Now let the end C of 
the shorter 1^ be dosed. The position 
of the mercury will be found not to hare 
dialled; for, although the pressure of 
the atmosphere above C is cnt o£E^ yet the 
air in the space CE being of the same 
density as it was before, its elastic force will not be 
altered, which will enable it to sustain the pressure of 
the atmosphere acting upon the mercury in the other 
1^ of the tube. Now let more mercury be ponred 
in at A ; it can only rise in the shorter leg by com- 
pressing the air contained in the space £0 ; and it is 
found that to compress it into half the space it occupied 
before, such a quantity of mercury must be poured 
into the leg AB as sujQices to make its height in that 
leg exceed that in the other by about 30 inches, that 
quantity, as already stated, exerting a pressure eqnal 
to that of the whole atmosphere. The condusion to 
be drawn is, that a pressure equivalent to that of two 
atmospheres compresses a mass of air npon which 
it is exerted into half the space which that of one 
atmosphere does, and of course doubles its density. 
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Andy siinilarly, it is found that a pressure the same as 
that of three or four atmospheres trebles or quadru- 
ples the density of air previously subjected to that of 
one only. We infer therefore that the space occupied 
by an elastic fluid varies inversely as the pressure by 
which it is compressed— provided, as already men- 
tioned, the temperature remains the same ; for any 
increase of this increases the force by which elastic 
fluids tend to expand and diffiise themselves through 
a larger space, 

14. We will now proceed to describe a few instru- 
ments the action of which depends upon atmospheric 
pressure, and by which the effects of that pressure 
may be illustrated. 

15, First, then, of the Siphon, 
tube BAG be filled with water by 
^dosing the end of the shorter 
leg, and pouring the fluid into 
the longer, and then, after in- 
verting the tube as shown in the 
figure, the shorter leg be im- 
mersed in a vessel of water, and 
both ends opened, the water will ^ 
flow out at the long end, for this reason : the pressure 
of the atmosphere acts equally upon both ends, tend-p 
ing to sustain the water ; but that pressure is opposed 
by the downward pressure arising from the weight of 
the water, which is greater in the longer leg than in 
■the shorter. The force therefore urging the particles 
.of the fluid at A towards B will be equal to the pres- 
^«ure of the atmosphere diminished by that due to the 
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weight of a eolimm of water of ihe yertical height of 
A abore C (=AD) ; the foree, on the other hand, 
urging those particles towards C wDl be equal to the 
atmospheric pressure diminished by that due to the 
weight of a column of water of the height of A above 
B (= AE). The former force being smaller than the 
latter, and the two being opposed to each other, the 
partides will yield to the influence of the latter, and 
will flow towards G ; otiiers will take tlidr place and 
will follow them, so that there will result a conti- 
nual motion of tiie water from the yessd, through 
the tube, finally flowing out at the end C ; and thia 
will continue as long as the end £ is below the sur- 
face of the water in the vessel. Of course, if tiie 
height AE is greater than 33 feet, the weight of the 
water in the short leg being more than sufficient to 
counteract the pressure of the atmosphere, the in- 
strument will not act, but the water will flow out at 
both ends until the tabe is empty. If the siphon be 
not originally filled with water, but the air be par^ 
tially withdrawn from it by suction, the water may 
be drawn from a vessel in which the short end is 
immersed in the same way as above, simply from the 
^ect of the uncompensated pressure of the atmo- 
sphere upon the water contained in the vessel. 

16. The next instrument we shall describe is the 
Air-Pump, the use of which is to exhaust the air 
from a dosed vessel called a receiver. There are 
various modifications of it, but we shall content our- 
selves with explaining it in its most simple fbroi. 
In the annexed figure, , A represents the receivei^ 
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from whioh the air is to be exhausted ; B a cylinder 
communicating with the receiver by the tube CD ; 
in it a piston EE (closely fitted to it^ so that no air 
can pass between) is moved up and down by the 
rod G ; the piston is 
provided with a valve 
H opening upwards ; 
and there is a similar 
valve at the end C of 
the tube CD. Now 
let the receiver be 
full of air at the or- 
dinary atmospheric 
pressure, and the 
piston EE be at the 

bottom of the cylinder, or nearly so. Then let the 
piston be drawn up ; as it rises, the valve H will 
remain shut, in consequence of the pressure of 
the external atmosphere. The air therefore in the 
part of the cylinder below the piston will dif^e 
itself over a larger space (left by the gradual rise 
of the piston), and will be unable to resist the 
pressure produced by the superior elastic force of the 
air in the receiver and tube, so that the efifoct of the 
latter will be to open the valve at C, part of the air 
passing from the receiver into the cylinder until that 
contained in both is of the same density. Now 
let the piston be pushed down again ; the valve at C 
will shut, and the air in the part of the cylinder 
below the piston, being compressed by the descent of 
^e piston, will overcome by its pressure that of the 
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external atmosphere, so as to open the yalye at H 
and escape, while the air in the receiver remains 
undisturbed. It is evident therefore that the effect of 
the stroke has been to take away part of the air from 
the receiver, that which is left being less dense than it 
was before; and by a repetition of strokes of the piston, 
this exhaustion will be continued until the quantily 
of air left in the receiver is very small indeed, though 
it cannot be reduced absolutely to nothing. 

17. We will now explain the acti(»i of the oommon 
or sucking-pump, used for drawing up water from a 
weU or cistern. It is very similar to that of the air- 
pump, just described. Let AB in the figure repre- 
sent a cylinder, at the lower part 
of which is a pipe AC partly 
immersed in the water of the 
cistern, some of which it is de- 
sired to raise. A piston DE is 
worked up and down by means 
of the rod E ; there is a spout at 
G, and valves in the pipe and 
piston at A and H, both opening 
upwards. Now let the piston 
DE be at the bottom of the 
cylinder, or nearly so, and let it 
be raised upwards. The valve 
at H will remain shut, and the 
air in the lower part of the 
cylinder below the piston, being 
diffused over a larger space, will 
be unable to resist the pressure produced by the 
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snperior elastic force of the air in the pipe, which 
will therefore open the valye at A, part of it 
passing into the cylinder. Then the rarefied air in 
the pipe will be insufficient to counteract the pres- 
sure of the external atmosphere upon the water in 
the cistern, the consequence of which will be that 
part of the water will be driven up the pipe, until 
the pressure of the rarefied air and the water thus 
ascended into the pipe are jointly equal to that of the 
atmosphere. So long as the piston continues to rise, 
the air in the cylinder below it will be more and 
more rarefied, and the water wiU continue to rise in 
the pipe. When the piston descends again, the 
Talve at A will shut, and the condensation of the air 
in the lower part of the cylinder will cause it to 
exert a pressure which will open the valve in the 
piston, and allow part of the air to escape. A repe* 
tition of these strokes of the piston will, as in the 
air-pump, more and more rarefy the air in the pipe 
and in the part of the cylinder below the piston, 
causing it to be less and less able to resist the pres- 
sure of the external atmosphere, so that the water 
will continue to rise higher and higher in the pipe, 
until it enters the cylinder through the valve A, On 
the next descent of the piston, the water will force 
its way through the valve it contains at H, will be 
lifted up by the piston when it reascends, until it 
flows out through the spout G. It is evident from 
this explanation that the pump will not act if the 
valve at A be more than 33 feet above the surface of 
the water, since the pressure of the atmosphere is 
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not soffldent to Bostain a column of water of greater 
hdg^t tlian Qaa. If tiie spoat also be leas tban 
33 feet above the eorface of tte water, the water will 
gradnaDy fill the cylinder as well as the ^npe, and 
the fiow &om the spont will in that case be con- 
tinuous. 

IS. lliere is a modification of the pump caBed the 
Fordng Pomp, by means of which wat«r may be 
forced to a greater height than it can 
be raised by the common pomp. In 
this instniment, the piston CD con- 
tains no Tatve, but is qnit« solid, as 
well as air-tight ; and at the bottom 
of the cylinder AB there enters a 
pipe EF of any length we please, 
provided with a valve E at its bwet 
part (or near the place where it com- 
mnnicatea with the cylinder) open- 
ing upwards. The water is raised 
by the rarefaction of the air in the 
pipe BH (which here also must not 
exceed 33 feet in length) into the cy- 
linder, as in the sucking-pump. The 
descent of the piston afterwards fbrces 
it through the valve E into the pipe 
EF, the valve subsequently doeii^ 
00 as to prevent its return. 
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Section V. 

OPTICS. 

1. We shall not here speak of the theories of light, 
but shall commence by defining it to be that substance 
or action upon a substance by means of which objects 
are rendered visible, or are made to produce such an 
effect upon our eyes as constitutes the sense of sight. 

2. Now this substance or action, whichever it be, 
in the first instance always emanates from, or origin- 
ates in, a self-luminous body, which is called a source 
of light. And the first and most obvious facts about 
it are that this emanation takes place in straight lines 
and in all directions, and is transmitted through space 
at an immense velocity : if the emanation took place 
in a vacuum, and the light encountered no obstacle 
in its course, these are indeed the only facts we could 
ever have known about it. The science of Optics, 
then, is principally occupied in inquiring how light 
acts when it passes through, or meets with, objects of 
different form and substance. 

3. We must premise the following definitions : — 
A ray of light is the smallest quantity of light 

which can proceed in any direction ; it is treated in 
all reasonings as a mathematical line, that is to say^ 
as possessing only length, but neither breadth nor 
thickness. 
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A pencil of rays is a small bundle of rays proceed- 
ing originally from a luminous point. If the point 
is near, the rays will be divergent ; if it is at a great 
distance, they will be sensibly parallel; and their 
direction may be so changed that they may become 
even convergent. 

A transparent body or substance is one which per- 
mits light to pass through it ; an opaqw body is one 
which does not. 

4. When rays of light are incident upon an opaque 
substance, or such a one as prevents their passing 
through it, they are reflected or thrown back in such 
a direction as is expressed by the following law : — 
If a perpendicular be drawn to the plane on which a 
ray is incident, at the point of incidence, the reflected 
ray will be in the plane formed by that perpendicular 
and the incident ray ; and the incident and reflected 
rays will form equal angles with the perpendicular 
on opposite sides of it. 

5. When a ray of light falls upon a transparent 
body or medium (as such a body is then called) it 
passes through the medium, but with a direction not 
the same as that at which it entered it, but making 
a certain angle with that direction, differing aocord-r 
ing to the nature of the medium. This change of 
direction is called Eefraction. If the ray passes 
from a rarer into a denser medium, it is refracted 
more nearly towards the perpendicular to the surface 
of the medium ; if from a denser into a rarer medium, 
furtJier from that perpendicultir. As in the case of 
reflexion, the incident ray, the perpendicular to the 
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STuface at the point of incidence, and the refracted 
ray will be all in the same plane. The discovery of 
the law expressing the amount of change of direction 
gave much trouble to investigators, but was at last 
accomplished by Snell about the year 1621. It is 
this : — ^the sine of the angle which the incident ray 
makes with the perpendicular to the surface at the 
point of incidence is to the sine of the angle which 
the refracted ray makes with that perpendicular in a 
constant ratio. As we wish to avoid using trigonome- 
trical terms in this treatise, we will express this law 
by a geometrical construction. Let ACB be the sur- 
face of a medium (as water) of greater density than 




another medium (as air) above it, DC, D'O two in- 
cident rays, and CE, CE' the corresponding refracted 
Irajs. £L is the perpendicular to the sui^Eice at the 
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point of incidence; to it DF, D'G, EI, E'H ore 
perpendicular. Then, whatever be the angle of 
incidence, we shall always have this proportion : — 
DF : EI : : D'G : E'H. As this then measures the re- 
fractive power of any substance, it is called the index 
of refraction for that substance ; i. e. if the space 




above AB be void of matter, and the space below be 
filled with any substance, the ratio of EI to DF (the 
former quantity, for convenience, being considered to 
be unity) is called the refractive index of that sub- 
stance. We have said that if the light passes from a 
rarer into a denser medium (from air into water for 
example), the angle of refraction is less than the angle 
of incidence; or^ in the above figure, the angles 
ECL, E'CL are respectively less than the angles 
DCK, D'GE. It is obvious that if the incident ray is 
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perpendicular to the surface, the direction will not be 
changed at all, or no refraction will take place ; while 
the more it is inclined to the perpendicular to the 
surface, the more the direction will be changed, or 
the greater will be the amount of refraction. Another 
circumstance calls for attention here: if the light 
passes from a denser into a rarer medium, since 
DF, D'G, &c. are always larger than EI, E'H, &c., 
when the incident ray makes a very large angle with 
the perpendicular to the surface (such as NCL), the 
fourth proportional to EI, DF, NM, or to E'H, D'G, 
NM win be a larger quantity than BC, so that, ac- 
cording to the law,- no refracted ray can exist. And 
indeed in this case the whole of the light is reflected 
within the medium and none refracted out of it. The 
smallest angle at which this takes place is called the 
angle of total reflexion, or sometimes the eritical 
angle, of the medium. 

6. We will now show how rays of light are re- 
fracted through a lens, preparatory to speaking of 
actual vision, or the means by which all objects are 
seen by us. 

7. We must first define a lens, thus : — ^A lens is a 
refracting medium bounded by two spherical surfaces; 
the line joining the centres of the spherical siLrfaces 
is called the aads of the lens. 

8. Now if either a parallel or a conical pencil of 
rays the axis of which is coincident with the axis of 
a lens, fall upon that lens, the direction of the sepa^- 
rate rays will be altered in passing through the lens, 
and i^tered symmetrically. I^ for example, the lens 
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be double convex (or convex on both sides) and the 
pencil of rays a parallel one, it is easy to trace the 
course of the separate rays by the law of re£raction 
stated above. Let AB be the lens, CD its axis, and 
ah, a'b' parallel rays equidistant from the axis and on 

A 




either ea.de of it, incident upon the lens at h and h'. 
The dotted lines representing the perpendiculars to 
the surfaces of the lens, at entering the lens the ray 
ah is refracted into a direction more nearly towards 
the perpendicular or normal to the surface at the 
point of entry, and therefore further downwards in the 
diagram, while at leaving it again it is refracted into 
a direction yw<Aer/rom the perpendicular to the sur- 
face at the point of emersion, and therefore again 
more downwards in the diagram, so that the ray will 
foUow some such course as ahcD, In like manner 
the ray a'b', which is incident below the axis of the 
lens, will, at entering and leaving the lens, be each 
time re&acted according to the same law ; the effect 
of which will be that its direction will become on 
each occasion more upwards or, as in the other ray^ 
more towards the axis of the lens, following some 
such course as a'b'cD* So that finally both rays will 
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tend to approach eadi other and meet in the point D. 
The rays between ah and a'h' will have their direc- 
tions altered in precisely the same manner^ bnt to a 
less and less extent in proportion as they are nearer 
the axis of the lens, the ray actually coinciding with 
that axis not being refracted at all ; so that all the rays 
of the pencil wiU be made to converge to a point 
beyond the lens, which is called the focus. We have 
here supposed the rays to be parallel; if, however, they 
had been convergent, the same considerations will 
show that they would have been rendered more so, and 
if divergent, less so. When divergent rays proceed 
from a point and are refracted to a focus, that focus 
is said to be conjugate to the point or focus whence 
the rays first proceeded, since either point may be 
considered a focus with respect to the other, it being 
evident that any ray proceeding in any direction 
would, if it started in the opposite direction, pursue 
the very same course reversed. When parallel rays 
fall upon a convex lens as described above and be- 
come convergent, the focus so formed is called the 
^prmcipal focus of the lens. It is evident that all 
the above statements are merely slightly modified, 
and are essentially similar, when the axis of the pen- 
cil of rays is not accurately coincident with the axis 
i3& the lens. 

9. Bays of light then proceeding from each of the 
various points of an object, and passing through a 
convex lens, will be collected into a focus on the 
other side of the lens, so that each point of the object 
will have its corresponding point or conjugate focus. 
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and thus a clear reproductioii or image^ as it is called, 
of the object will be formed. 

10. We have thus early explained the action of a 
double convex lens, because we were anxious as soon 
as possible to make intelligible the way in which 
objects are actually made visible to our eyes. 

11. At the back part of the eye the optic nervd 
ramifies out into a plexus called the retina, precisely 
as the ramifications of the olfactory nerves are spread 
over the inside of the nostrils. Sight is caused by 
the cognizance which these ramifications of the optic 
nerve take of the rays of light thrown upon them 
from different objects. But as single rays would 
give too feeble a light to make objects visible, and as 
moreover the rays from the different parts of an ob- 
ject would, if the eye consisted merely of this simple 
contrivance, fall upon and so interfere with each 
other that a confused sense of light alone would be 
perceived, the eye is also provided with more com- 
plex machinery for collecting the rays from definite 
points of objects and throwing them upon definite 
points of the retina, so as to produce there images or 
pictures of the things seen, which are then trans- 
mitted by the optic nerve itself to the brain. Our 
plan only admits of describing the most essential 
parts of this machinery. And the most important 
is a double convex lens called the crystalline lens^ 
which is placed at such a distance from the retina, 
that rays parallel, or nearly so, falling upon it are 
collected into a focus on the retina. Thus very 
'distant objects, the rays from any point of which 
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diverge so little as to be nearly parallel, are made 
visible. But as points from objects at a less distance 
send out rays of a degree of divergency the greater 
the smaller that distance is, the eye has the power, 
by altering either the place or the convexity of the 
crystalline lens, of so adapting itself as to bring to a 
focus rays of different amounts of divergency within 
a certain limit, thereby making such objects also 
visible. If the objects are too near (within, for most 
eyes, a distance of about five inches), the rays are so 
divergent that the limit is exceeded ; then the rays 
from different points are thrown upon each other, 
and the vision is confused ; moreover the effort in- 
stinctively made by the eye to adapt itself to a 
divergency exceeding its power becomes painful. No 
eye can bring to a focus rays possessing any, even 
the slightest convergency. To prevent the great and 
dazzling glare, which would take place if too much 
Jight were thrown upon the crystalline lens, there is 
placed before it an opaque substance like a curtain, 
termed the iris ; in this is a circular aperture called 
the pupil, which the eye has the power of instinc- 
tively opening more or less (still preserving its round- 
ness), so as to let in a greater or smaller number of 
rays, according to the amount of light to which it is 
iexposed. 

12. The degree of the convexity of the crystalline 
lens varies in different persons, which occasions de- 
fects of sight. For most eyes, all rays between the 
limits of parallelism and that amount of divergency 
>Which is produced by a distance of about five inches, 

g2 
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can be brought to a focus on the retina. Bat in 
some the lens is too convex, and rays irhidi are 
parallel^ or nearly so, are brought to a focus too 
soon, or before reaching the retina. This is called 
short sig^t, because such eyes can readily bring to a 
focus rays of greater dirergency than that adapted 
to ordinary sight, and can therefore peroeiTe dis- 
tinctly objects nearer than the usual limit of distinct 
vision. In other eyes the lens is not sufficiently 
convex, and rays cannot be brought to a focus if they 
possess more than a slight amount of divergency; 
hence, by such eyes, objects at a distance are easily 
seen, but not those which are near. This, therefore, 
is called long sight ; it is a defect usually brought 
on by old age. 

13. The latter defect may be remedied by using 
spectacles the lenses of which are convex and there*- 
fore tend to make rays fiJling on them less diver- 
gent ; the former by spectacles with concave lenses, 
the property of which is to increase the divergency 
of rays incident upon them. 

14. This effect of convex lenses has been already 
explained (§ 8), and it is equally easy to show what 
is the action of concave lenses. Let AB be a concave 
lens, and let a parallel pencil of rays the axis CD of 
which is coincident with the axis of the lens flail 
upon it. The ray CD is of coarse not refiracted at 
all; the ray ah, which falls upon the point 5, is 
re&acted on entering the lens into a direction he 
more nearly coincident with the perpendicular upon 
the tangent to the spherical surface at that poiiit 
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(the perpendiculars to the tangents being indicated, 
as before, by the dotted lines) ; and on passing out 
of the lens on the other side, the ray follows a direc- 
tion cd further from the perpendicular to the surface 



a 


* \ 


u 


P^^ 


"^^^0^^ 


o' 


"^ 


LL-- 




'^L 


^^^f^ 



1) 



B ^"^ei' 

at the point of emergence. The rays falling upon 
the other side of the axis of the lens are similarly 
affected; the ray a' h', for instance, following the course 
a'h'cd' ; and the result is that the rays after passing 
through the lens become divergent, and move as if 
they had proceeded from the point F. This point 
then is called, as in the convex lens, the principal 
focus of the lens ; but it is denominated a virtual 
focus, because the rays do not actually come from 
there, but move cw if they did, — their direction, after 
traversing the lens, being precisely the same as if 
they really had diverged from that point. If the 
rays falling upon a concave lens had been convergent, 
they would have been rendered, by passing through 
it, less convergent, or parallel, or even divergent, ac- 
cording to the degree of concavity of the lens. K 
they had been divergent, they would have been ren- 
dered more so. Thus, if a conical pencil of divergent 
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rays proceed from the point P, and fall upon the 
concave lens AB, the rays will, after passing through 
it, move as if they had diverged from a point F nearer 
the lens, which is called the virtual focus conjugate 




to P, since if the rays had proceeded in the reverse 
direction, and had converged hefore incidence upon 
the lens towards F, they would, after emerging from 
it, have converged towards P, so that the points 
P and F may be considered conjugate to each other. 

15. Having now stated the laws of reflexion and 
refraction, and proceeded to describe the means by 
which the eye is enabled to obtain a clear percep- 
tion of objects placed before it, we may now show 
more in detail how the images which the objects 
would themselves present to the eye are affected 
when the light by which they are seen has been re- 
flected by a mirror or refracted through a lens. When 
the rays are brought by either of these means to a 
focus, a distinct image is then formed of the object, 
which is viewed by the eye as if it were itself the 
object. It becomes, then, our duty now to show, in 
the different cases of reflexion and refraction, what 
is the place, the magnitude, and the position of the 
image. The investigation of the effects of reflexioiik 
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is called Catoptrics ; that of the effects of refraction 
Dioptrics. 

16. We shall commence with reflexion, the sim- 
plest case of which is the reflexion produced hy a 
plane mirror. Let AB be a plane mirror, and a 
point in an object from which rays diverge in conical 
pencils upon the mirror. Let Oc be the ray which 




is perpendicular to the mirror, Oa, 05 rays of 
the same pencil at equal distances on each side of 
it. By the law of reflexion, Oc will be reflected 
back in the opposite direction, cO ; Oa will be re- 
flected in the direction aa', so that the angles 
OaB, a'aA are equal to each other ; and Oh will be 
reflected in the direction W, so that the angles OhA, 
h^hB are likewise equal. So that after reflexion the 
rays wiU move as if they proceeded from a point F 
on the other side of the mirror, which is therefore 
called the virtual focus ; virtual, because they do not 
actually come from there, but move as if they did* 
The image of the object may therefore be said to be 
at F. Its place is evidently as far behind the mirror 
as the object itself is before it. And since all the 
points in the object have corresponding points in the 
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image, formed in precisely the same mamier, the 
image of the whole object mil be npiight and of the 
same magnitude as the object itself. 

17. If the mirror be concave or convex, the forma- 
tion of the image will be somewhat different : we 
will commence by describing it in the case of a eon* 
cave mirror. 

18. Let a pencil of rays diverge npon the concave 
mirror A£ from the radiant poiat E. The ray 
¥h which passes 
through C the cen- 
tre of the spheri- 
cal surface of the 
mirror is of course 
reflected back in 
the opposite di- 
rection, beiQg per- 
pendicular to the 
surface, or to the 
tangent at the point of incidence. But the ray 
Fa makes an angle with the tangent at the point 
a smaller than a right angle by the angle CoF ; it 
is therefore reflected back in the direction a/, so that 
the angle PaO is equal to the angle faC. It meets 
Fb therefore in/; and it may in like manner be shown 
that the ray ¥c will be reflected so as to pass through > 
the same point, which is consequently the focus cor* . 
responding to E, and the place where the image of 
the object is formed. 

19. We will now consider how each individual, 
point of the object is represented in the image. The 
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ray from A in the object A£ which is reflected 
back in the opposite direction is evidently the 
one which passes ^, 
through the centre 
C of the mirror; 
the same is the case 
with the ray from 
£ in the other ex- 
tremity of the ob- 
ject, and with those 
from all other points 
in it. At/, therefore, where the image is formed, the 
rays proceeding from A will be brought to a focus in a, 
and those from Bin h; ah therefore will represent 
the length of the image, and it is obvious that it is 
inverted and in the proportion to the object of /C to. 
FC. Now, if B'/, BT be joined, the angles /B'C, 
FB'C will, by the law of reflexion, be equal to each 
other ; so that by EucHd vi. 3, /C : CF : :/B' : BT. 
It is evident then that in this case the image is 
smaller than the object. F and / being conjugate 
foci, if the object were at /, the image would be at 
F ; so that if the object be nearer the mirror than 
its spherical centre, the image will be longer than 
the object, but stiU inverted. 

20. It remains that we speak of reflexion from a 
convex mirror. Let AB be such a mirror, and rays 
diverge upon it from the point F. If C be the centre 
of the mirror, Cac will be perpendicular to the tan- 
gent at a ; and the ray Fa, incident at the point a, 
will be reflected into the direction ab, so that the 
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angles Pac, cab will be equal to each other ; ha then 
being produced to meet CP in/, the image will be 




formed in /, which is therefore a virtual focus con- 
jugate to P. The image is therefore on the other 
side of the mirror and nearer to it than the centre 
of the mirror. Now let AB be an object the image 
of which, after reflexion at a convex mirror, whose 
centre is C, is formed at the distance P/. The rays 




from A, B, which are reflected in the opposite direc- 
tion to that in which they were incident, are those 
which proceed towards the centre of the mirror, so 
that db will represent the image. The description 
shows that it is erect, and smaller than the object 
itself in the proportion of C/ to CP. 

21. Before quitting the subject of reflexion, it 
should be mentioned that the point where parallel' 
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rays are brought to a focus is called the principal 
focus of the mirror. 

22. Having traced the formation of the image in 
the different cases of reflexion, we proceed to do the 
same in some of the cases of refraction. 

23. And first of refraction through a medium 
bounded by a plane surface. Let the ray of light 
AB fall upon the re- 
fracting medium CD, 
which is bounded by 
two parallel plane c 
surfaces. By the law 
of refraction it will, 
after entering the 
medium, follow the 
course BE, being re&acted into a direction less in- 
clined than before to the perpendicular to the sur- 
face. After passing through the medium it will be 
refracted into a direction more inclined to that per- 
pendicular, and wiU in fact move along EE, parallel 
to its original course before entering the medium. 
It is evident therefore that if rays of light diverge 
from a radiant point and pass through a medium 
bounded by two parallel plane refracting surfaces, each 
ray will move in the same direction after as before 
passing through the medium, and all will emerge 
neither more nor less divergent than they entered it. 
An object thus seen wiU, however, appear displaced ; 
for the ray AB (see fig. next page) moving after refrac- 
tion in the direction CD parallel to AB, and the ray AE 
in the direction EG parallel to AE, if DC,<3^E be pro- 
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dooed till they inteisect in F^ the rays firom A will 
appear to proceed from F, and the same wiU be the 
case with every point 
in the object, which 
will therefore be seen 
as if displaced in the 
direction AF. F may 
be considered analo- 
gically as a virtual 
focus conjugate to A. 
But the apparent dis- 
tance and magnitude of the object will be but 
slightly changed. 

24. Another circumstance is deserving of atten- 
tion here. Let an object 
immersed in a fluid or 
other refracting sub- 
stance be viewed from 
a point outside, and let 
represent any point 
in that object. The rays 
OA, OB will, on leaving 
the surface, be refracted into a direction less inclined 
to the surface (more to the perpendicular to that 
surface), but OB to a greater extent than OA; 
they will consequentiy after emergence pursue 
the courses AC, BD respectively, having become 
more divergent than before. They will therefore 
appear to proceed from a point F nearer the 
snrface of the fluid. This accounts for the fact 
that, when an object is seen below the surface of a 
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fluid, it looks as if it were considerably higher than 
it really is. 

25. It is nnnecessary here to discuss in detail any 
more cases of refraction through media bounded by 
plane surfaces, which may all be treated in the same 
manner as the above case of the two surfaces being 
parallel to each other. But we must say something 
more concerning refraction through lenses. It has 
been already shown how the rays of light are affected 
by passing through double convex and double con- 
cave lenses, but without investigating the magnitude 
and position of the images thus formed: this we 
now proceed to do. 

26. In § 8, we showed that when rays of light 
diverge from a radiant point and pass through a 
double convex lens, they will emerge from it less di- 
vergent than they entered it. If they come from a 
point at the same distance from the lens as its prin- 
cipal focus, it results from the principles laid down 
in that article, that they will emerge parallel; if 
from a greater distance, convergent. In the latter 
case, then, an image will be formed on the other side 
of the lens, the position and magnitude of which is 




thus investigated. Let AB be a double convex lens, 
and CD an object from which rays of Hght, after 
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passing through it, form an image at cd. Since the 
rays which are not refracted are those, Cc, Dc?, which 
pass through the centre of the lens (and the rays 
which traverse other parts of the lens are so refracted 
as to meet these in a focus at the place where the 
image is formed), it is clear that the image will be 
in an inverted position with respect to the object. 
Its real relative magnitude will depend upon the pro- 
portional distance of the image and the object from 
the lens. If the object is at a great distance from 
the lens, the image will be nearer and will be smaller 
than the object; but if the object is at a moderate 
distance from the lens, the image will be further frx)m 
it and will be larger than the object. The apparent 
magnitude of the image will be increased by its 
greater proximity to the eye than the object. 

27. The case of the double concave lens has also 
been discussed before (see § 14). It remains that 
we in this case like- 
wise investigate the 
position and magni- 
tude of the image 
formed. Let AB 
be a double concave 
lens, and let CD be an object viewed through it. The 
rays which are not refracted at all are those, Cc, 
Dc?, which pass through the centre of the lens, 
and it was shown in § 14 that the image is formed 
at cd between the object and the lens. It is evident 
therefore that it will be erect, and that its real 
magnitude will be smaller than that of the object 
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itself. The eye being on the other side of the 
lens, the apparent magnitude will be still more 
diminished. 

28. We have shown (§ 26) that the image formed 
by a convex lens is inverted as compared with the 
object; and in describing the eye (§ 11) that vision 
is performed by the images of the objects seen being 
thrown upon the retina or expansion of the optic 
nerve. Many persons therefore have been puzzled 
to understand why we do not see objects in an in- 
verted position instead of erect. But too little is 
known of the way in which the image, after being 
painted on the retina, is ultimately conveyed to the 
brain so as to produce the sense of sight, to enable us 
to account for this ; at the same time the known fact 
of our ignorance of that process may well suffice to 
remove any perplexity that might be felt from this 
circumstance. 

29. When the image formed by a convex lens is 
at a greater distance from the lens than the object is 
which produces it, it is larger than the object, and 
thus a more or less magnified image is formed. A 
weU-known iUustration of this is the magic lantern. 

30. But there is another way in which magnifica- 
tion may be produced by a convex lens, of which ad- 
vantage is taken in the construction of spectacles 
and other instruments to assist the sight. Allusion 
to this has already been made in § 12, speaking of 
defects of sight, but it is necessary clearly to distin- 
guish between this and the formation of a magnified 
image of the object. Long sight or short sight may 
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be remedied, as we have said, by the use of convex 
or concave glasses, which so alter the divergency of 
the rays of light proceeding from the various points 
of an object seen, that the eye can adapt itself to them 
and bring them to a focus on the retina, where an 
image of the object is formed. The eye thus sees 
objects in other respects as it would if unassisted — ^in 
their proper position, and of the apparent magni- 
tude due to the distance at which they are placed. 
Now if a lens of great convexity is placed near an ob- 
ject, rays of great divergency may have their diver- 
gency BO much diminished that the eye will be able to 
bring them to a focus, and afford a distinct view of 
the object. If the object be at the distance of the 
principal focus of the lens from it, the rays will, in 
accordance with the principles previously laid down, 
emerge parallel ; if a little nearer, slightly divergent. 
By so placiug, then, an object a little nearer than the 
principal focus of a lens of great convexity and there- 
fore of very small focal distance, the object may be 
viewed through it, and the rays emerging but slightly 
divergent, the eye may be brought close to the lens 
on the other side, and thus an image be formed on 
the retina magnified, because the object is. nearer than 
the least distance of natural distinct vision. This is 
the principle of the pocket lens, 

31. When an image has been formed of an object 
by the use of a convex lens, there is nothing to pre- 
vent that image being magnified by means oi another 
convex lens of small focal distance in the way last 
described: and this is in fact done in the microBCope 
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and telescope. Both these instniments consist essen- 
tially of two convex lenses ; one nearest the object, 
called the object-glass, by which the image is formed; 
the other nearest the eye, called the eye-glass, by 
which that image is magnified. The great difference is, 
that in the microscope the two glasses are so arranged 
that rays of some degree of divergency are brought 
to a focus by the object-glass, and the eye-glass is 
placed so that the image thus formed is very nearly 
in its principal focus, thus transmitting the rays to 
the eye nearly in a state of parallelism, and fitted to 
be brought again to a focus on the retina ; whilst in 
the telescope the object-glass having formed in its 
principal focus an image of a very distant object, the 
rays proceeding from which are almost parallel, 
that image is magnified by the eye-glass in the same 
manner as in the microscope. Since the object- 
glass forms an inverted image, and this is not changed 
by the eye-glass, the objects are seen in an inverted 
position. Our plan does not admit of explaining more 
than the naked principle of the microscope and tele- 
scope ; matters of detail must be sought elsewhere. 
It may, however, be remarked that by the use of 
another pair of lenjses in the microscope, the object 
may be restored to its natural position : the telescope 
being chiefly used for astronomical purposes, the 
inversion of the image is of little importance. The 
telescope we have thus briefly described is called the 
refractingy or sometimes, from its ordinary use in 
astronomy, Hie dstronomical telescope. In the re- 
fleeting telescope the image is formed by means of a 
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concave mirror^ and then magnified as before by an 
eye-glass. 

32. Since the eye-glass magnifies only because it 
enables ns to bring the object nearer the eye, the 
amount of its magnification is the proportion of the 
least distance of distinct vision (for ordinary eyei 
about 5 inches) to the distance at which the object is 
placed when seen through the lens, or very nearly to 
the focal distance of the eye-glass. 

33. It may be readily shown in what proportion 
the image of a distant object formed by an object- 
glass of a telescope appears larger than the object 
itself^ when that image is viewed without the aid of 
ftu eye-glass. Let MN be an object at a very great 




distance^ the centre of the object-glass of a tele- 
scope, and mn the inverted image of the object formed, 
of course, in the principal focus of the object-glass, so 
that OF is its focal distance. "Without the object- 
glass, ^e object would be viewed under the angle 
MON=mOn=the angle which the image subtends at 
the centre of the object-glass. It appears therefore 
to the unaided eye of the same magnitude as the 
image would if seen from the distance OF. But the 
image may be viewed by the eye on the other side of 
F, at the least distance of distinct vision. So that 
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the object will appear greater than it naturally would 
in the proportion of the focal distance of the object- 
glass to the least distance of distinct vision. 

34. In what precedes, where we have spoken of 
magnification, linear magnification only was meant. 
K the length of an object be magnified a certain num- 
ber of times, the surface of that object will be mag- 
nified the square of that number of times. 

35. "We will now in conclusion devote a very few 
words to the dispersion of light, by which the forma- 
tion of colours, called chromatism, takes place. 
Hitherto we have spoken of light as if there was but 
one kind of light ; but it is well known that there 
are various kinds of coloured light* Common white 
light consists of all these kinds blended ; but as the 
different kinds possess different degrees of refrangi- 
bility, if a beam of light is passed through a prism 
or other re&acting body, it is separated into its 
component parts, producing the phenomenon of 
colours, the different coloured rays being arranged 
according to their respective amounts of refrangi- 
bility: this is called the dispersion of light. The 
order of the colours is weU known. Commencing 
with the least refrangible, it is red, orange, yeUow, 
green, blue, indigo, and violet. A pencil of light 
being passed through a prism and then received upon 
a screen, an elongated stripe of colours, in the above 
order, will be seen ; this is term^ the prismatic 
spectrum. 

36. It may be weU to give some idea of the 
amount of the variation of re£rangibility of the dif- 
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ferent coloured ri^. We have already defined (§ 5) 
the refiractiye index of a substanoe ; for water it is 
about 1*3, and for glass about 1*5. Now in passing 
through crown-glass^ the refractive index of the red 
rays is 1-54, and that of the violet rays 1*56. 
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THE GROUND BENEATH US ; its Geological Phases and Changes. Three 
Lectures on the Geology of Clapham and the neighbourhood of London gene- 
raUy. By JOSEPH PRESTWICH, F.R.S., P.G.8., ko. Svo, 3». 6rf. sewed. 

GEOLOGICAL INQUIRY RESPECTING THE WATER-BEARING 
STRATA OF THE COUNTRY AROUND LONDON, with reference espe- 
dally to the Water Supply of the Metropolis, and including some Remarks on 
Springs. By JOSEPH PRESTWICH, F.G.S., &o. Svo, with a Map and 
Woodcuts, 8«. 6d. 

MANUAL OF THE MINERALOGY OF GREAT BRITAIN AND IRE- 
LAND. By ROBERT PHILIPS GREG, F.G.S., and WILLIAM G. LETT- 
BOM. Svo, with numerous Woodcuts, 15«. 

HISTORY OF BRITISH FOSSIL MAMMALS AND BIRDS. By Professor 
OWEN. This volume is designed as a companion to that by Professor Bell 
on the (Recent Mammalia) ' British Quadrupeds and Cetacea.' Svo, with 2S7 
Illustrations, £1 II«. 6i., or large paper (royal Svo), £3 3*. 

DESCRIPTION OF THE SKELETON OF AN EXTINCT GIGANTIC 
SLOTH (Mylodon robustus). With Observations on the Osteology, Natural 
Affinities, and probable Habits of the Megatherioid Quadrupeds in genenJ. 
By RICHARD OWEN, F.R.S., &o. 4to, £l 12«. 6i. 

MEMOIRS OF HUGH E. STRICKLAND, M.A., Deputy Reader of Geology 
in the University of Oxford. By SIR WILLIAM JARDINE, Bart ; with a 
selection from his Printed and other Scientific Papers. Royal Svo, lUosfcrated 
by Mi^s, Geological Sections, Plates and Woodcuts, 36*. 

OMPHALOS. An Attempt to Untie the Geological Knot. By P. H. GK)8SB, 
F.R.S. The law of Prochronism in organic creation. Post Svo, with 56 HIiu- 
trations on wood, lOs. ad. 
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GENEBAL NATUBAL HISTOKT, &c. 

ESSAYS AKD OBSEEVATIONS ON NATUEAL HISTOEY, ANATOMY, 
PHYSIOLOGY, PSYCHOLOGY, AND GEOLOGY. By JOHN HUNTEE, 
F.E.S. Being his PosthumouB Papers on those subjects, arranged and revised, 
with Notes, by EICHAED OWEN, F.E.S., D.C.L^ Superintendent of the 
Natural History Department, British Museum, &o. &o. 2 vols. Svo, £1 11«. 6tL 

THE NOETH-ATLANTIC SEA-BED ; comprising a Diary of the Voyage on 
board H.M.S. * Bulldog' in 1860, and Obserrations on the Presence of Aniwift l 
Life, and the Formation and Nature of Organic Deposits, at great depths in 
the Ocean. By G. C. WALLICH, M.D., F.L.S., F.G.S. Published with the 
sanction of the Lords Commissioners of the Admiralty. 4to, Part I., with Map 
and 6 Plates, 15«. Part II., completing the work, will contain the remaining 
portion of the letter-press and Plates (7 to 20), and will be published shortly. 

MEMOIE OF THE EBV. J. S. HENSLOW, M.A., F.L.S., F.G.S., F.C.P.8., 
Eector of Hitcham, and Professor of Botany in the UniTersity of Cambridge. 
By the BEV. LEONABD JENYNS, M.A., F.L.S., F.G.S., F.C.P.S. Post 
8yo^ with a Photographic Portrait, Is. 6d, 

THE HONEY-BEE ; its Natural History, Habits, Anatomy, and Microscopical 
Beauties. With Eight Tinted Illustratiye Plates. By JAMES SAMUEL80N, 
assisted by Dr. J. BEAXTON HICKS. (Forming a Second Fart of Humble 
Creatures.) Post Svo, 6i. 

HUMBLE CEEATUEES (PartL): THE EAETHWOEM AND THE COM- 
MON HOUSEFLY. In Eight Letters. By JAMES SAMUELSON, assisted 
by J. B. HICKS, M.D. Lond., F.L.S. With Microscopic Illustrations by the 
Authors. Second Edition, post 8yo, 3«. 6<^ 

GATHEEINGS OF A NATURALIST IN AU8TBALA8IA; being Obserra- 
tions principally on the Animal and Vegetable Productions of New South 
Wales, New Zealand, and some of the Austral Islands. By GEOBGE BEN- 
NETT, M.D., F.L.S., F.Z.S. Syo, with 8 Coloured Plates and 24 Woodcuts, 2U 

THE MICEOGEAPHIC DICTIONABY: a Guide to the Examination and In- 
vestigation of the Structure and Nature of Microscopic Objects. By Dr. 
GEIFFITH and Professor HENFBEY. Second edition, with 2459 Figures 
(many coloured), in 45 Plates and 812 Woodcuts, 840 pp., 8vo, £2 59. 

OBSBEVATIONS IN NATUBAL HISTOEY; with a Calendar of Periodic 
Phenomena. By the Eev. LEONAED JENYNS, M.A., F.L.S. Post Svo, 
lOs. M. 

OBSEEVATIONS IN METEOEOLOGY; relating to Temperature, the Winds, 
Atmospheric Pressure, the Aqueous Phenomena of the Atmosphere, Weather 
Changes, &c By the Eev. LEONAED JENYNS, M.A., F.L.S., &o. Post Svo, 
10«. ed. 

PBACTICAL METEOEOLOGY. By JOHN DEEW, Ph.D., F.E.A.8., Cor- 
responding Member of the Philosophical Institute of Bftle. Second Edition, 
foolscap Svo, with 11 Illustrative Plates, 5«. 

THE AQUAEIAN NATUEALIST : a Manual for the Sea-side. By ProfeMor 
T. EYMEB JONES, F.B.S. Post Svo, 544 pp., with 8 Coloured Plates, 18c 
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NATUBAL HISTORY OF ANIMALS ; being the Sabstanoe of Three Connes 
of Lectures deliyered before the Boyal Institution of Great Britain. B7 
T. BYMEB JONES, F.B.S., Professor of Zoology in King's College, London. 
Post 8to, Vol. I. with 105 IlluBtrations; Vol. II. with 104 Illustrations, 12«. 
each. 

GENERAL OUTLINE OP THE OBGANIZATION OF THE ANIMAL 
KINGDOM, AND MANUAL OF COMPARATIVE ANATOMY. By T, 
BYMEB JONES, F.B.S., Professor of Comparative Anatomy in King's Col- 
lege, London ; late FuUerian Professor of Physiology to the Boyal Institution 
of Great Britain, &C.&C. Third Edition, 8vo, £1 11«. 6i. 

FIBST STEPS TO ANATOMY. By JAMES L. DBUMMOND, M.D., Pro- 
fessor of Anatomy and Physiology in the Belfisist Boyal Institution. With 13 
Illustrative Plates. 12mo, 5«. 

GBEAT ABTISTS AND GBEAT ANATOMISTS a Biographical and Philo- 
sophical Study. By B. KNOX, M.D., F.B.S.E. Post 8vo, 6f. 6^ 

ILLUSTBATIONS OF INSTINCT, deduced from tiie Habits of British Ani- 
mals. By JONATHAN COUCH, F.L.S., Member of the Boyal Geological 
Society, and of the Boyal Institution of Cornwall, &c. Post Svo, 8«. Qd, 

DESCBIPTIVB ETHNOLOGY. By BOBEET GOBDON LATHAM, iU)^ 
F.B.S., Fellow of King's College, Cambridge ; Vice-President of the Ethnolo- 
gical Society of London ; Corresponding Member of the Ethnological Society 
of New York. 2 vols. 8vo, £1 128, The portion on Indian Ethnology, sepa- 
rate, 168. 

NATUBAL HISTOBY OF THE VARIETIES OF MAN. By Dr. LATHAM. 

8yo, Illustrated, £1 la. 

ETHNOLOGY OF EUBOPE. By Dr. LATHAM. Foolscap 8vo, 5». 

ETHNOLOGY OF THE BBITISH ISLANDS. By Dr. LATHAM. Fools- 
cap 8to, 58. 

ETHNOLOGY OF THE BBITISH COLONIES AND DBPENDBNCIBa 
By Dr. LATHAM. Foolscap 8vo, 6».' 

ItfAN AND HIS MIGBATIONS. By Dr. LATHAM. Foolscap 8vo, 68, 

ANATOMICAL MANIPULATION; or. The Methods of pursuing Practioal 
Investigations in Comparative Anatomy and Physiology. Also an Introduc- 
tion to the Use of the Microscope, &c. By ALFRED TULK, M.B.C.S., 
M.E.S.; and ARTHUR HENFREY, F.L.S., M.Micr.S. With UlustratiT* 
Diagrams. Foolscap 8vo^ 9«. 

ON THE VARIATION OF SPECIES, with especial reference to the Inseota. 
followed by an Inquiry into the Nature of Genera. By T. VEBNON WOL^ 
LASTON, MA.., F.L.S. Post 8vo, 6*. 

MANUAL OF NATUBAL HISTOBY FOB THE USE OF TBAVELLEBS 
being a Description of the Families of the Animal and Vegetable Kingdoms^ 
with Remarks on the Practical Study of Geology and Meteorology. To which, 
are appended Directions for Collecting and Preserving. By ABTHUB 
ADAMS, M.B.C.S.; W. BALFOUB BAIKIE, M.D.; and CHABLES BAB- 
BON, Curator of the Boyal Naval Museum at Haslar. Post 8vo, 12«. 
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LBTTBBS OF BUSTIGUS ON NATUBAL HISTOBY. Edited by SDWABB 
NEWMAN, FJL.S., F.Z.S., fto. 8to, 8». 6d. 

THE ZOOLOGIST ; a Journal of Natural History. Nos. 1 to 251, U. eadi. 

THE SEA-SIDE BOOK: au Introduction to the Natural History of the Bri- 
tiah Coasts. By W. H. HABYEY, M.D., M.B.Iji., &a With a Chapter on 
Xiah and Fish Diet, by YABBELL. Foolscap Svo, with 83 Woodcut Illustra- 
tions, 4th Edition, 5s. 

A HISTOBY OF THE BBITISH SEA-ANEMONES AND MADBBPOBES. 
With Coloured Figures of all the Speaies. By PHILIP HENBY aOSSE, 
F.B.S. Svo, £11». 

HANDBOOK OF THE MABINE AQUABIUM; containing Practioal In- 
structions for Constructing, Stocking, and Maintaining a Tank, and for Col- 
lecting Plants and Animals. By P. H. GOSSE, F.B.S. Foolscap 8T0t Second 
Edition, 2». 6d. 

MANUAL OF MABINE ZOOLOGY OF THE BBITISH ISLES. By 
P. H. GK)SSE, F.B.S. Parts I. and II., 7». Qd. each. 

A NATUBALIST'S BAMBLES ON THE DEVONSHIBE COAST. By 
P. H. GOSSE, F.B.S. With 28 Lithographic Plates, some coloured, post 
8yo, One Guinea. 

THE AQUABIUM: an Unveiling of the Wonders of the Deep Sea. By 
P. H. GOSSE, F.B.S. Post 8to, Illustrated, Second Edition, n». 

THE CANADIAN NATURALIST. By P. H. GOSSE, P.B.S. With 44 
Illustrations of the most remarkable Animal and Vegetable productions. 
Post 8vo, 12«. 

TENBY: A SEASIDE HOLIDAY. By P. H. GOSSE, F.B.S. PostSTO, 
with 24 Coloured Plates, 21«. 

THE ISLE OF MAN; its History, Physical, Eodesiastioal, and Legendary. 
By J. G. CUMMING, M.A., F.G.S. Post 8to, I2». 6d. 

NATUBAL HISTOBY OF THE COUNTY OF STAFFOBD; comprising its 
Geology, Zoology, Botany, and Meteorology : also its Antiquities, Topography, 
Manufactures, &c. By BOBEBT GABNEB, F.L.S. With a Geological Map 
and other Illustrations, 8to, with a Supplement, 10«. Price of the Supplement, 

THE NATUBAL HISTOBY OF SELBOBNE. By the late Bev. GILBEBT 
WHITE, M.A. A New Edition, with Notes by the Bev. LEONABD JEN YN8, 
H.A., F.I1.S., &c. ; with 26 Illustrations, foolscap 8vo, 7«. 6i. 

TBAYELS IN LYCIA, MILYAS, AND THE CIBYBATIS, in company with 
the late Bev. E. T. Daniell. By Lieut. SPBATT, B.N., and Professor EDWABD 
FOBBES. Two vols. Svo, with numerous IllustrationB, including Views of the 
8oenery, Plans of Ancient Cities and Buildings, Plates of Coins and Inscrip- 
tions, Cuts of Book Tombs, Fossils, and Geological Sections, and an origiml 
Map of Lycia. 86«. 

HEALTHY BESPIBATION. By STEPHEN H. WABD, M.D. Foolscap 
8to, 1«. 6d. 

TOBACCO AND ITS ADULTEBATIONS. By HENBY P. PBE8C0TT, of 
the Inland Bevenue Department. With upwards of 250 IllnstratiaiiB drawn 
' 'fiid engraved on Forty Steel Plates. 8vo, 12*. M, 

JOHN VAN VOORST, 1 PATERNOSTER ROW. 



BOOKS PUBLISHED BY MR. VAIT VOORST. 1$ 

A LIFB OF LIKSMVB. By Mjm BBiaHTWSLL at Norwioh. Foolaoap 
8vo, 3«. 6iL 

8CENEBY, SCIENCE, AND ABT; being Extracts from tlie Note-book of a 
Geolcgist and Miniqg Engineer. By Professor D. T. ANSTED, M.A, F.B^., 
&C. 8ffO, with Woodcuts aad Four Views in tinted lithography, 10». M, 

ILLU8THATION8 OF ABT8 AND MANUFACTUBES ; being a Selection 
from a Series of Pt^ers read before the Society for the Encouragement of Arts, 
Manufactures, and Commerce. By ABTHUB AIEIN, F.L.S., F.G.S., &o, 
late Seeretary to that Institution. Foolscap Syo, 8», 

THE FOOB ABTIST; or, Seven Eye-Sights and One Object "SCIBNOB IN 
FABLE." Foolscap 8vo, with a Frontispiece, 6«. 

SUNDAY BOOK FOB THE YOUNG; or. Habits of Fatriarohal Times in the 
Bast With Woodcuts, 29. 6i. By ANNE BULLAB. 

Other Books for Young Persons, hy Miss BuUar, 

DOMESTIC SCENES IN OEEENLAND AND ICELAND. Wifli Wood- 
cuts, 28. Second Edition. 

ENGLAND BEFOBE THE NOEMAN CONQUEST. 2». 60. 

ELEMENTS OF PBACTICAL KNOWLEDGE; or. The Young Inquirer 
Answered. Explaining in Question and Answer, and in familiar language, 
what most things daily used, seen, or talked of, are ; what they are made of, 
where found, and to what uses applied. Including articles of food and aliment ; 
miscellanies in common use; metals, gems, jewellery; and some account of 
the principal inventions and most interesting manufactures. Second Edition, 
I8mo, with Illustrations, Zs. cloth. 

CUPS AND THEIB CUSTOMS. Post 8vo, 2*. 6d, 

HOUSE DOGS AND SPOBTING DOGS: their points, breeds, management, 
and diseases. By JOHN MEYBICK. Foolscap Svo, 3«. &L 



ABCmTEGTUSE AND THE FINE AETS, ftc. 

INSTEUMENTA ECCLESIASTICA : a Series of Working Designs, engraved 
on 72 Plates, for the Furniture, Fittings, and Decorations of Churches and 
their Precincts. Edited by the Ecdesiological, late Cambridge Camden So- 
ciety. 4to, £1 1I«. 6d. 

The Second Series contains a Cemetery Chapel, with Sick-house and Gateway 
Tower — ^A Wooden Church — A Chapel School— Schools and School-houses — 
A Village Hospital — ^An Iron Church— And Designs for Funeral FittingB^ 
for Timber Belfries, and for a variety of Works in Metal, Wood, and Stone. 
Price also £1 11^. M. 

BAPTISMAL FONTS. A Series of 125 Engravings, examples of the different 
Periods, acoompuiied with Descriptions. With an Introductory Bsiay by 
F. A PALE Y, MA., Honorary Secretary of the Cambridge Cbuoaden Sooiety. 
8vo, One Guinea. 
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TEBATISB ON THE HIBE AND PHOaRESS OP DEOOHATED WINDOW 
TBACEBT IN ENGLAND. By EDMUND BHABPE, M:.A., Apchiteofe 8vo, 
Illostrated with 97 Woodcuts and Six Engravings on steel, 10». 6d. And a 

8EBIES OP ILLUSTRATIONS OP THE WINDOW TRACERY OP 
THE DECORATED STYLE OF ECCLESIASTICAL ARCHITECTURE. 
Edited, with descriptions, by Mr. SHARPE. Sixty Engravings on steel, Svoi, 

ai«. 

HERALDRY OF FISH. By THOMAS MOULE. The Engravings, 205 in 
nomber, are from Stained G-lass, Tombs, Scnlptore, and Carving, Medals and 
Coins, Rolls of Arms, and Pedigrees. 8vo, 21«. A few on lai^e paper (royal 
8to), for colouring, £2 2«. 

SHAKSPEARE'S SEVEN AGES OF MAN. lUnstrated by WM. MUL- 
READY, R.A.; J. CONSTABLE, R.A; SIR DAVID WILKIE, R.A.; W. 
COLLINS, R.A; A. E. CHALON, R.A.; A. COOPER, RA..; SIR A. W. 
OALLCOTT, R.A.; EDWIN LANDSEER, R.A.; W. HILTON, RJL Post 
8to. 08. A few copies of the First Edition in 4to remain for sale. 

GRAY'S ELEGY IN A COUNTRY CHURCH- YARD. Each Stanza illus- 
trated with an engraving on wood, from 33 original drawings. Elegantly printed, 
in post 8vo, 9*. cloth. (Small edition, 2«. Qd.) 

A Polyglot Edition of this volume, with interpaged Translations in tiie Greek, 
Latin, German, Italian, and French languages. 12«. 

GRAY'S BARD. With Illustrations by the Hon. Mrs. JOHN TALBOT. Post 
8vo, 7». 

THE VICAR OF WAKEFIELD. With 32 Illustrations by WILLIAM MUL- 
BBADY, R.A.; engraved by JOHN THOMPSON. First reprint Square 
8to, lOs. 6d. 

** And there are some designs in the volume in which art may justly boast 
of having added something to even the exquisite fancy of Goldsmith." — 
JBSxatnineT. 

MANUAL OF GOTHIC ARCHITECTURE. By F. A. PALBY, M.A. With 
s fill! Account of Monumental Brasses and Ecclesiastical Costume. Foolscap 
8vo, with 70 Illustrations, 6s. 6i. 

'^To the student of the architecture of old English churches this beantifjod 
little volume will prove a most acceptable manual." — Spectator. 

MANUAL OP GOTHIC MOLDINGS. A Practical Treatise on their forma- 
tions, gradual development, combinations, and varieties; with full directions 
for copying them, and for determining their dates. Illnstrated by nearly 600 
examples. By F. A. PALEY, M.A. Second Edition, 8vo, 7«. 6d. 

** Mouldings are the scholarship of architecture." — (^tristian Bemembraneer. 

THE PARMER'S BOY AND OTHER RURAL TALES AND POEMS. By 
ROBERT BLOOMFIELD. Foolscap 8vo, 7». 6d. With 13 lUustrations by 
Sidney Cooper, Horsley, Frederick Tayler, and Thomas Webster, A.RJL 

WATTS'S DIVINE AND MORAL SONGS. With 80 DlastrationB by 0. W. 
COPE, A.R.A. ; engraved by JOHN THOMPSON. Square 8yo, 7«. 6dL ; copies 
bound in moroooo, One Guinea. 
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THE ECONOMY OF HUMAN LIFE. In Twelve Books. By H. D0D8LBT. 
With Twelve Plates, engraved on steel, from original designs, bj Frank Howard, 
Harvej, Williams, &c. I8mo, gilt edges, 5«. 

BIBLIOGRAPHICAL CATALOGUE OF PHIVATELY PEnTTED BOOKS. 
By JOHN MAETIN, F.B.A. Second Edition, 8vo, 81*. 

THE CUERENCT UNDER THE ACT OF 1844; together with Observations 
on Joint Stock Banks, and the Canses and Results of Commercial Convulsions. 
From the City Articles of " The Times." 8vo, 6^. 



NATURAL HISTORY OF THE BRITISH ISLES. 

This Series of Works is lUtistraied hy many Hundred Engravings ; 

every Species has been Drawn and Engraved under the 

immediate inspection of the Authors; the best 

Artists have been employed^ and no care 

or expense has been spared. 



A few Copies have been printed on Larger Paper. 

SESSILE-EYED CRUSTACEA, by Mr. Spenoe Bate and Professor West- 
wood. Part 1 to 10, price 2». Qd. each. 

QUADRUPEDS, by Professor Bell. A New Edition preparing. 

BIRDS, by Mr. Yabbell. Third Edition, 8 vols. £4 I4». «i. 

COLOURED ILLUSTRATIONS OF THE EGGS OF BIRDS, by 
Mr. Hewitson. Third Edition, 2 vols., £4 14«. 6d. 

REPTILES, by Professor Bell. Second Edition, 129. 

FISHES, by Mr. Yabbell. Third Edition, edited by Sir JoHir Biohabssoh, 
2 vols., £3 3«. 

STALE-EYED CRUSTACEA, by Professor Bell. 8vo, £1 58. 

STAB-FISHES, by Professor Eswabd Fobbes. 159. 

ZOOPHYTES, by Dr. JOHirSTOir. Second Edition, 2 vols., £2 2». 

MOLLUSCOUS ANIMALS AND THEIR SHELLS, by Professor Bowabd 
Fobbbb and Mr. Haitlbt. 4 vol& 8vo, £6 109. Royal 8vo, Coloured, £18. 

FOREST TREES, by Mr. Selbt. £1 8«. 

FERNS, by Mr. Newmak. Third Edition, 18«. 

FOSSIL MAMMALS AND BIRDS, by Professor OwvN. £1 11«. &i 
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Works in Prepaxation. 



THE ANGLER NATURALIST. 

BY H. CHOLMOKDELEY-PENITELL, Author of "How to Spin for Pike.' 



HISTORY OF THE BRITISH HYDROID 

ZOOPHYTES. 

BY THE EEV. THOMAS HINCKS, B.A. 



OOTHECA WOLLEYANA. 

BY ALFBED NEWTON, MJU, F.L.S. 



THE NATURAL HISTORY OF TUTBURY. 

BY SIB OSWALD M08LEY, BABT., D.O.L., EJ..S^ P.G.S. 



FLORA OF MARLBOROUGH. 

BY THE EEV. T. A. PEESTON, M.A. 



NOTES ON THE ARCHITECTURAL HISTORY OF 

ELY CATHEDRAL. 

BY THE BEV. D. J. STEWAET, MjL 



JEFFREYS'S BRITISH CONCHOLOGY. 

Vols. IL, in., IV.— MAHIlfE UNIVALVES, BIVALVES, AXD 

NUDIBBAlfCHS. 
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